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A B S T R A C T 
O p t i c a l s p e c t r a of concent ra ted s o l u t i o n s of 
molten Ca(N0 3 ) 2 .3 .96H 20-Ni(N0 5 ) 2 .6 .03H 20 systems have been 
recorded . Densi ty and v i s c o s i t y measurements of molten 
Ca(N03)2 .3.96H20-Ni(NCU)2 .6.03H20 systems and those of 
Cd(N03)2 .4.03H20-MnCl2 .4.001H20, Ca(N05)2.4.23H20-HH4CHS, 
and Ca(N0^)2.4.1H20~NaCNS systems i n c l u d i n g t h e conductance 
measurements i n the l a t t e r t h r e e cases were made as func-
t i o n s of tempera ture and c o n c e n t r a t i o n . Densi ty d a t a have 
been found t o be descr ibed by a l i n e a r equat ion j 3 = a - bT 
(°K) where a and b are t h e emp i r i ca l c o n s t a n t s . The v i s c o -
s i t i e s and conductances of t h e systems were found t o show 
non-Arrhenius behaviour and, t h e r e f o r e , they were l e a s t -
squares f i t t e d t o t h e equa t ions 
Y (= i or A ) = AyT~1/2 exp[ - ky/(T - TQ)J and 
Y = Ay expj" - k l / (V - V )1 based e s s e n t i a l l y on the 
f ree volume concept and to 
Y = Ay exp[ - k j / l In (T/T 0) l based on the conf igura -
t i o n a l entropy model. Ay, ky, TQ, Ay, ky, V0, Ay, and ky 
are the e m p i r i c a l pa ramete r s . The c o n c e n t r a t i o n dependences 
of t hese parameters have been d i scussed and t h e thermodyna-
mic na tu re of T and 7 has been emphasized. The terms 
o o 
ky, ky, and k!l have been found t o be concen t r a t i on indepen-
dent and their constancy has been examined while the para-
meters Ay, Ay, Ay, T , and V were found to vary linearly 
with concentration. On the basis of linear concentration 
dependence of Ay and T terms, the concentration dependence 
of transport properties has been explained in the light of 
an apparently isentropic equation based on the configura-
tional entropy model which is of the form 
Y = (A y^ ± QiyN) exp[ - ky/^oCo) ± Q2YN) c ^ c ]* 
Ay and T , x are the values of Ay and T for the pure 
solvent while Q^ y is the slope of the plot of Ay versus 
concentration, N being in mol #, Qpy is another slope of 
the plot of T versus N and c stands for the constant T/T_ 
values. Due to the lack of experimental support to the 
above equation an alternative isoenergic equation based 
on the Vogel-Tammann-Fulcher (VTF) equation has been 
employed to explain the concentration dependence of trans-
port properties of the systems under investigation. The 
isoenergic equation is of the form 
1
 - ' V ± «iYH>°"y2(To(o) ± «a»>"y2 
exp[- V ( T o(o ) ±«2I»> ^ " 1>] 
The p a r a m e t e r s AQy, Q lY» T 0 ( 0 ) » ^ 2 1 * a n d ^7 have their 
usual significances. The values of the glass transition 
temperature, T computed from the VTF and configurational 
entropy equations have been found to be in good agreement. 
The energies of activation, E / and Ey^  obtained from the 
two models are also comparable. 
Even though similar relaxing species are expect-
ed to participate in the mechanisms of viscosities and con-
ductances, the difference in the two activation energies 
may presumably be due to different availabilities of the 
relaxing entities in the two flows. 
Finally, it is interesting to note that the 
potentially most important relations of the present inves-
tigations for the linear dependences of the preexponential 
terms Ay (VTF) and AL (Doolittle) equations on the values 
of T and those of V , respectively, have been proposed. 
In addition to these relations, a linear interdependence 
of the two thermodynamic quantities, T and V , has also 
been found. 
C H A P T E R - I 
A. G E N E R A L I N T R O D U C T I O N 
(C 
It is well known that some liquids can be held 
at temperatures well below their freezing points over very-
long periods without crystallization, liquids in such a 
state are said to be supercooled. Every liquid can be 
visualized to supercool depending on its crystallization 
kinetic constants and the rate of cooling. The important 
crystallization constants which mainly determine the abi-
lity of a liquid to supercool are the energy barriers to 
nucleation in the absence of a foreign nucleus and to the 
growth of finite crystal. All such supercooled liquids 
probably pass through the rather peculiar "transition" to 
a "glassy" or "vitreous" state when cooled sufficiently. 
The material in this state is called a "glass", and the 
temperature of the change or transition is called the 
glass-transition temperature, T , which is usually well 
below the melting temperature and provides a meaningful 
corresponding temperature scale for use in the comparison 
of fused salt properties, in particular, transport proper-
ties. Moreover, at the glass transition the values of the 
derivative properties, the specific heat and expansion 
coefficient change discontinuously and are much closer to 
those of the crystalline form of the substance than to 
those of the parent liquid. Apparently, the glassy state 
is a form of matter which maintains the structure, energy, 
and volume of a liquid, but for which the changes in 
o 
energy and volume with, temperature are similar in magni-
tude to those of a crystalline solid. That is, a glass 
is a liquid in which certain degrees of freedom character-
istic of liquids are "frozen in" and can no longer contri-
bute to the specific heat and thermal expansion. 
It may, however, be emphasized that in the 
temperature region where these changes occur, the viscosity 
increases rapidly to the order of 10 poise and also the 
conductance has almost zero value. Furthermore, hydrated 
melts have emerged as an interesting and better media for 
carrying out investigations of molten salt properties due 
to their extremely low stable or metastable melting tempera-
tures. Consequently, viscosity and conductance measurements 
of supercooled liquids including melts as a function of 
temperature helped in understanding the theories behind 
viscous and conductance flows. Such studies of molten 
salt systems have also been found to provide an idea 
regarding the value of the ideal glass transition tempera-
ture, T , known as secondary glass transition temperature. 
The values of the experimentally determined glass transi-
tion temperature, T , have generally been found to be 
about 10 to 20° higher than the ideal glass transition 
temperature, T . This is due to the fact that the glass 
transition is a relaxation phenomenon and is a consequence 
of a deficiency in the experimental procedure; it results 
4 
from changing the external forces acting on a system and 
then making measurements before the system has had time 
to reestablish complete thermodynamic equilibria with its 
changed surrounding leading to a lower value of T than 
g 
In view of the i n t e r e s t shown above, v i scos i ty 
and conductance measurements of molten s a l t s where at l eas t 
one of the components i s a hydrated s a l t have been made 
as functions of temperature and concentrat ion. The systems 
studied here include the pure solvents , i . e . , molten t e t r a -
hydrate of cadmium and calcium n i t r a t e s , the molten mixtures 
of manganese ( I I ) chloride te t rahydra te with cadmium n i t r a t e 
te t rahydra te and those of ammonium thiocyanate , sodium 
thiocyanate, and nickel ( I I ) n i t r a t e hexahydrate with c a l -
cium n i t r a t e t e t r ahydra te . As te t rahydra tes of cadmium 
and calcium n i t r a t e s exhibit eas i ly supercooling tendency, 
t h e i r molten mixtures with solutes given above allow explo-
ra t ion of molten s a l t proper t ies at correspondingly lower 
temperatures as compared to those a t ta inable in most 
anhydrous melts . A d i rec t consequence of these low l iquidus 
temperatures i s that the temperature dependence of t r a n s -
port proper t ies of the molten mixtures cited above are 
non-Arrhenius. Hence the Vogel-Tammann-JPulcher equation 
and that based on the configurational entropy concept have 
been employed in explaining the non-Arrhenius temperature 
o 
dependence of viscosities and conductances. In addition, 
these equations have also been taken as the basis for 
explaining the concentration dependence of these behaviours. 
B. E X P E R I M E N T A L T E C H N I Q U E S 
i 
Determination of Water Content in the Hydrated Salts 
The exact waters of crystallization of the 
hydrated salts were determined before using them for the 
preparation of samples. The exact waters of crystalli-
zation in the cases of hydrated salts of cadmium and cal-
cium nitrates have been estimated by comparing the measured 
2 3 densities of these hydrated salts with those reported ' 
for several concentrations. The ratios of HpO/Metal ion 
2+ thus determined were 4.03 for H20/Cd and 4.23, 4.10, and 
2+ 3.96, respectively, for HpO/Ca for the three samples of 
hydrated calcium nitrate taken from separate bottles. The 
water contents in the cases of hydrated salts of manganese 
(II) chloride and nickel (II) nitrate, on the other hand, 
4 
were estimated volumetrically using standard solution of 
EDTA as titrant. The values of the ratios H20/Mn2+ and 
2+ H20/Ni were found to be 4.001 and 6.03, respectively. 
The accuracy of such a volumetric analysis was checked by 
2+ taking hydrated cadmium nitrate of known Hp0/Cd ratio 
and was found to be within + 0.01. 
Temperature Control 
The preparation of the samples and the measure-
ments of density, viscosity, and conductance were made in 
a thermostated paraffin bath in order to maintain a uniform 
temperature. The bath consists of stirrer, an immersion 
o 
heater (250 W) , and a check and contact thermometers 
[TGL 4850 NAV = 0.03 Un = 250 V (GDB.)] , all immersed in a 
large corning glass container of paraffin. A relay [ Jumo-
type NT 15.0, 220V a 15A (Germany)! was used to control 
the variations in temperature. The overall temperature 
stability was within +0.1 . 
Preparation of Samples 
Commercial cadmium nitrate tetrahydrate [ REACHIM 
(USSR); m.p. 59.4°j and calcium nitrate tetrahydrate (BDH; 
m.p. 42.7°) from three different bottles were used as 
solvents in their molten state. Manganese (II) chloride 
tetrahydrate (BDH; m.p. 58°), ammonium thiocyanate (BDH; 
m.p. 149.6°), sodium thiocyanate (BDH; m.p. 287°, recrystal-
lized twice from double distilled water), and nickel (II) 
nitrate hexahydrate (BDH; m.p. 56.7 ) were used as solutes. 
Samples were prepared in the thermostated para-
ffin bath at about 60°C. During sample preparation, the 
chemicals were handled with extra care in an atmosphere 
of pure and dry nitrogen owing to their hygroscopic nature. 
Weighed amounts of cadmium nitrate tetrahydrate were taken 
in several tightly capped tubes and amounts of manganese 
(II) chloride tetrahydrate were then accurately weighed and 
added to the molten cadmium nitrate tetrahydrate. The 
mixtures were heated for several hours until clear solutions 
iJ 
•were obtained. Several samples of different concentra-
tions were prepared in this manner. Manganese (II) chlo-
ride tetrahydrate was found to dissolve upto r^\2 mol $ 
in molten cadmium nitrate tetrahydrate. Similarly, 
different samples of varying concentrations of calcium 
nitrate tetrahydrate with those of ammonium thiocyanate, 
of sodium thiocyanate, and of nickel (II) nitrate hexa-
hydrate were prepared. Calcium nitrate tetrahydrate was 
found to dissolve ^ 60 mol % of ammonium thiocyanate, 
r-"24 mol i» of sodium thiocyanate, and ^ 60 mol % of nickel 
(II) nitrate hexahydrate. The prepared samples were stored 
in a vacuum desiccator. 
Spectral Measurements 
Absorption spectra of thin films of the samples 
were recorded on Beckman model DKV2A spectrophotometer 
using quartz optical cells. 
Density Measurements 
Density measurements were made using a dilato-
meter of approximately 6.0 ml capacity with graduated stem 
of 0,01 ml divisions. The graduated stem of the dilato-
meter was calibrated by making use of pure quinoline 
(Riedel) whose densities are reported as a function of 
temperature. Quinoline was purified before use by drying 
1 J 
and then distilling over anhydrous calcium chloride (pure 
quinoline has b.p. 218 C). The total volume of dilatometer 
as well as the exact volume between the two successive 
divisions of the graduated stem were thus determined. The 
melted sample was transferred to the calibrated and exact-
ly weighed dilatometer with the help of a vacuum pump. 
The weight of the dilatometer containing molten salt 
sample was again determined and the difference in the 
two weights gives the exact amount of the melt taken in 
the dilatometer. The dilatometer was then immersed in 
the thermostated bath and the volumes of the melt were 
recorded at several temperatures. Thus, the densities, 
molar volumes, and the coefficients of thermal expansion 
for the samples were computed at the required temperatures. 
Viscosity Measurements 
The viscosities of the melts were determined 
5 
with the help of a Cannozi-Ubbelohde type viscometer. The 
viscometer consists of three parallel tubes, i.e., receiv-
ing, measuring, and auxiliary tubes which form the suspend-
ed level arrangement in a triangular fashion (Fig. 1a). The 
receiving and measuring tubes form a 'U1 through a bulb D. 
Bulb A and another fiducial bulb B slightly below the for-
mer were sealed to the measuring tube. Two fiducial marks, 
a and b on the bulbs A and B, respectively, were used for 
(b) 
Fig. 1. (a) CANNON-UBBELOHDE TYPE VISCOMETER 
(b) CAPILLARY-TYPE CONDUCTIVITY CELL 
1 
recording the efflux time. The auxiliary tube was sealed 
to the measuring tube through a bulb C. There lies a 
capillary of appropriate length and diameter bet-ween the 
bulbsB and C. The effect of acceleration due to gravity 
was minimized by aligning the centres of gravity of all 
the three bulbs A, B, and C in vertical position. In order 
to minimize the experimental error in the measurement of 
viscosity the dimensions of the viscometer were fixed in 
such a manner so as to maintain the resulting efflux time 
for water as more than 80 sees. The viscometer constant 
of such a viscometer was found to be 6.26 cSt/sec and the 
special feature of such a suspended level viscometer is 
that the transport of momentum was carried out freely under 
the weight of the total volume of the test liquid. More-
over, the capillary effects of the two liquid surfaces were 
neutralized by each other so that the surface tension 
correction for the apparatus was also negligible. 
The viscometer was clamped in a vertical posi-
tion in the thermostated bath in order to measure visco-
sities and then filled with a required amount of the test 
liquid. The volume taken of the test liquid in the visco-
meter should be (xj^cuxije. ih CLSAXO. QfiM air bubble 
introduced in the capillary tube during the course of 
transfer of the liquid to the fiducial bulb B. To avoid 
the absorption of atmospheric moisture by the sample, the 
io 
open ends of the viscometer were connected through the 
rubber tubes to dry calcium chloride tubes. The visco-
meter containing the sample was allowed' to stand in the 
thermostated bath for about 30-45 minutes in order to 
attain the thermal homogeneity. The heater was connected 
to the relay through a dimmerstat which helps in controll-
ing the heating rate by adjusting its output voltage and. 
this device further helps in minimizing the thermal fluc-
tuations. Next"the sample was sucked into the bulb A with 
the help of a vacuum pump and allowed to stand there for 
about 40 minutes by closing the calcium chloride tubes 
with rubber corks. The rubber stoppers were then removed 
from the tubes and the time of fall of the melt from the 
upper fiducial mark 'a' to the lower mark ' b' was noted 
for three to four times with the help of a stop watch. 
The mean of these measurements were recorded at a set 
temperature. 
The times of fall of the reference liquid, 
pure «•£ dry quinoline, were also recorded at the corres-
ponding temperatures. The viscosity of the melt was then 
calculated using the expression given in the Appendix A. 
Overall accuracy of the viscosity measurements by sus-
pended level principle was estimated to be better than 
+ 2.5 i». 
1* 
Conductance Measurements 
The cells used for the conductance measurements 
h 7 
were of capi l lary- type ' with high ce l l constant values 
and the conductance bridge of Ph i l ips Model PR 9500 type . 
The ce l l was constructed by sea l ing two platinum f o i l s each 
2 having an area of >—'0.25 cm to the ends of two platinum 
wires which were in tu rn sealed to the ends of two corning 
glass tubes . E l e c t r i c a l contacts were made through the 
sealed platinum wires . The two independent e lect rodes thus 
constructed can be properly fixed in to the two limbs of 
•U* shaped corning glass tube having a cap i l l a ry at i t s 
lower p a r t . The ce l l constants of the two capi l la ry- type 
1 1 r\ 
cells used were found to be 542 cm"" and 730 cm" at 25 C, 
respectively .(Fig. 1b). 
The melt was transferred into the 'U* tube by 
removing the electrodes from its two limbs. Then the elec-
trodes were replaced into the limbs of the capillary cell 
in such a way that the platinum foils dip into the molten 
sample. Care was taken to remove any air bubble sticking 
to the surface of the electrodes or in the capillary. The 
absorption of moisture by the sample during the measure-
ment was avoided by keeping the platinum electrodes fixed 
airtightly into the limbs through glass joints. Now the 
cell containing electrodes was suspended in the thermo-
stated bath and the electrical connections between the con-
lo 
ductivity bridge and the cell were made using copper wires. 
The electrical resistances of the samples were recorded atQk|4 
several temperatures after the attainment of thermal equili-
bria and the equivalent conductances were calculated as 
given in Appendix B. 
All the measurements were made in a descending 
order of temperature. 
C H A P T E R - I I 
O p t i c a l S p e c t r a of Mol ten Ca(NO~) 2 > 3 .96H 2 0-
N i ( N O , ) 2 . 6 . 0 3 H 2 0 Systems 
1 < 
Introduct ion 
Extensive s tudies have been made on the absorp-
t ion spectra of d i lu te solut ions of t r a n s i t i o n metal hal ides 
in molten ha l ides . These s tudies provide information 
regarding the geometry of the t r a n s i t i o n metal complex 
ions . The divalent 3d ions in aqueous solut ions are 
generally believed to occur as the well-known hexahydrate 
ions M(H20)2+. 
Out of the four samples of molten s a l t s chosen 
for the study of t h e i r t ranspor t proper t ies only two of 
them contained the t r a n s i t i o n metal ions , i . e . , n ickel ( I I ) -
and manganese ( I I ) - i o n s . The absorption spect ra of the 
sample containing manganese ( I I ) ion could not be recorded 
because of i t s extremely weak spin-forbidden bands. The 
l igand-f ie ld spectra of Ni(NO,)2«6.03H20 in molten Ca(N03)2. 
3.96HpO being quite intense have been recorded here in 
order to ascer ta in the geometry of the metal ion. The 
solvent in the molten s t a t e helps in recording the absorp-
t ion spectra of the so lu te . 
Results and Discussion 
The l igand-f ie ld (LP) spectrum (Fig . 2) of 
Ni(N0,)2.6.03H20 in molten Ca(NO,)2.3.96H20 consis ts of 
three bands. A r e l a t i ve ly intense band at /^ 25,640 cm" 
and two weak bands with components at r-' 14,280 and 15,150; 
C H A P T E R - I I I 
Temperature Dependence of Transport Behaviour of Molten 
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Fig. 2 Ligand-Field spect rum oF Ni(NQ3)2* 6-03H2O rn molten 
Ca(N03)2 '3 96H20 (F is the oscillat-or or strength). 
Id 
and at /^ 8690 and /^10300 cm"" , respec t ive ly , have been 
recorded. The iden t i f i ca t ion of the absorbing species i s 
based on the comparison of the recorded spectra with those 
8—1 O 
reported e a r l i e r . "" The expected species may be i d e n t i -
2+ fied as Ni(HpO)^ in which Ni(II) ion i s surrounded by s ix 
water molecules in a regular octahedral arrangement. This 
observation i s in agreement with the usual assignment of 
the intense band at r~* 26,000 cm" as was observed in the 
cases of c rys t a l l ine NiS04-6H20 and Ni(N0,)2-6H20.8 
The assignment of t he bands i s made by cons-
t ruc t ing the energy leve l diagram (Fig. 3) on the basis of 
four l igand-f ie ld parameter model using Liehr-Ballhausen 
2+ 
matr ices . The predicted spectrum of Ni(HpO)fi wi+h D = 
- 907, \ = - 275, B = 810, and C/B = 5.889 cm"1 has been 
found to agree with tha t observed. Accordingly, the above 
three bands may be assigned as due to U —* H I j = 1 ,4 ,5) , 
r5 -> q ( j = 1,4), r3 -» 5 u = 3 
3,4,5) t r a n s i t i o n s , respec t ive ly . 
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.2+ Fig. 3- Energy level d iag ram for Ni(H20)r 
in molhen Ca(N03)2-3.96H20 ( X = -275,B=810 and 
C/B=3889cm"1 ) 
C H A P T E R - I I I 
Temperature Dependence of Transpor t Behaviour of Molten 
S a l t Systems - The App l i ca t i on of VTF Equa t ion 
Introduction 
Many investigators have studied the temperature 
dependence of transport properties and various relations 
between temperature and transport behaviour have been pro-
posed. One of the most widely quoted is the Arrhenius or 
Andrade equation which in the integrated form may be 
written as 
lnY =jUy - Ey/RT (1; 
where Y corresponds to f l u i d i t y , <j> or equivalent conduc-
tance ,yV» Ay i s a constant, R i s the gas constant , T i s 
the absolute temperature, and 1L. i s the ac t iva t ion energy 
for the t ransport process and i s independent of tempera-
t u r e . On the other hand, in the case of supercooled l i q u i d s , 
the temperature dependence of re laxat ion processes show 
departure from simple Arrhenius behaviour with a tempera-
ture dependent ac t iva t ion energy and the deviat ion becomes 
qui te marked as the g l a s s - t r a n s i t i o n temperature i s app-
roached. The Arrhenius equation also f a i l s to account for 
the temperature dependence of t ranspor t proper t ies under 
11 12 
conditions of constant volume. Batchinski was the 
f i r s t to note that the proper independent var iable to which 
the v i scos i ty of a l iquid should be re la ted i s not the 
temperature but the speci f ic volume (,v). Batchinski r e l a -
t ion i s of the form 
>l = B/(v - b) 
where B and b are constants, the latter bearing some ana-
logy to the co-volume of the Van der Waals equation. The 
constant b turns out to lie between the specific "Volume 
of the solid and the liquid at the freezing point. It may-
be interpreted as the minimum specific volume at which 
flow can occur and (v - b) may be regarded as the free 
volume. This generalization appears to hold at relatively 
high specific volumes for simple Van der Waals type of 
1 "5 liquids. ' In fact, Batchinski tested his equation for 
about eighty liquids and found that except for "associated" 
liquids it represents experimental data very well over a 
temperature range of about 100 . The important role of 
the free volume in the molecular transport was also stress-
ed in the "hole" theories of Frenkel and Eyring and his 
15 
associates. Frenkel explains the sharp increase in flui-
dity, on fusion in broad outline by assuming that the flui-
dity of a body implies the possibility of the individual 
displacement of its molecules which in turn, require a cer-
tain amount of free volume within the liquid. The sudden 
increase in volume on fusion is sufficient to provide room 
for individual displacements of molecules from one equili-
brium position to another, the two equilibrium positions 
being separated by a potential energy barrier. Frenkel 
considered holes in the liquid as any gap between the 
2<-i 
spheres of influence of the constituent molecules, the 
hole having no definite size and shape. Eyring assumed 
a liquid to he quasi-crystalline to which a large number 
of equilibrium positions or holes have been added. Viscous 
flow, according to Eyring is assumed to take place by the 
activated jumping of an aggregate composed of one or more 
molecules from an initial normal configuration to a second 
normal position, the two being separated by an intermediate 
activated state. This is equivalent to passages of the 
system over a potential energy barrier. The height of the 
barrier is independent of the temperature, but is influenced 
by external forces acting on the liquid. However, Fox and 
1 f\ Flory ascribed the glass transition to the falling of 
the free volume below some critical value. They intro-
duced the concept that the molecular mobility at low tem-
perature depends mainly upon the free volume. The probabi-
lity of molecular jump is then governed by the probability 
that sufficient free volume is available in the region 
surrounding the molecule thereby producing a space into 
which the molecule can move - rather than by the rate at 
which a molecule can overcome an energy barrier. 
17 Hildebrand recently showed that the fluidity 
of a simple liquid at atmospheric pressure and at any tem-
perature is proportional to the fractional excess of its 
molar volume, V over the molal volume, 7 , at which the 
2o 
molecules axe so closely crowded as to prevent viscous 
flow while s t i l l re ta in ing r o t a t i o n a l freedom. Hildebrand 
had applied t h i s concept to modify the Batchinski equation 
to an equation of the form 
$rf = B'(V - VQ)/Vo {2) 
where B1is the constant of p ropor t iona l i ty . 
The above expressions, however, were found to 
be incapable of explaining the var ia t ion of v i scos i ty with 
temperature in the cases of associated or highly supercooled 
l i q u i d s . Another approach to l iquid v iscos i ty i s based 
1 8 
upon the concept of free volume and Dool i t t l e developed 
an empirical free volume equation 
i = A' exp[ - BMvo/v fj (3) 
which accurately represents many viscos i ty data i n the 
non-Arrhenius region. Here A' and B1' are constants , the 
l a t t e r i s of the order of un i ty , v f i s the free volume de-
fined as 
V f = V - V Q 
where v i s the specif ic volume mentioned above and v i s 
o 
the limiting specific volume of the liquid at 0°K. Doolittle 
considered v„/v as relative free space which is defined as 
2o 
the space a r i s ing from the t o t a l thermal expansion of the 
l iquid without change of phase. At fixed pressure , vf/v0 
i s a function of temperature only. I t i s evident that 
D o o l i t t l e ' s equation predic ts an abrupt decrease in f l u i -
d i ty in narrow temperature range where v~ becomes very-
small . Equation (5) may be modified t o 
Y = Ay exp [ - k^/CV - VQ)J (4) 
where AL and kL are empirical constants . V i s defined 
as the molal volume at the g l a s s - t r a n s i t i o n temperature, 
T and V i s the molal volume at any temperature. Williams, 
19 
Landel, and Ferry (VLF) J were able to show tha t the depen-
dence of f l u id i t y on temperature in the glass t r a n s i t i o n 
region i s s a t i s f a c t o r i l y described by Dool i t t l e equation. 
They showed tha t the re laxat ion times for a large number 
of glass-forming substances are described by equation (3) 
in the glass t r a n s i t i o n range. They took the free volume 
to be 
v f = v g [ 0.025 + ^ ( T - T H (5) 
where v is the volume at the glass transition temperature, 
& 
T and <=< is the difference between the thermal expansion 
coefficients of the liquid and that of the glass. 
A further widely used empirical equation has 
2< 
the form 
ln"^= A"+ BM/Tn 16) 
20 
Litovitz has found that with n = 3 this equation repre-
sents the viscosity of associated liquids over a tempera-
ture range of some 100 above and below the melting point. 
21 Barlow and Lamb have also used this equation with n = 4 
to describe the viscosity of lubricating oil over a 40 
range of temperature. This form of equation is convenient 
for immediate analysis of experimental results since it 
involves no prior knowledge of the variation of free volume 
with temperature. 
22 
Cohen and Turnbull laid a theoretical founda-
tion to the empirical equation of Doolittle based on the 
free volume concept. They considered that molecular trans-
port occurs by the movement of molecules into voids, with 
a size greater than some critical value, formed by redistri-
bution of the free volume. This is generally known as the 
"Free Volume Model" theory. In this model molecules are 
considered as hard spheres and they move with t he gas kine-
tic velocity u but most of the time are confined to a cage 
bounded by their immediate neighbours. Occasionally there 
is a fluctuation in density which opens up a hole within 
a cage large enough to permit a considerable displacement 
of the molecule contained by it. Such a displacement gives 
2o 
r i s e to diffusive motion only i f another molecule jumps 
in to the hole before the f i r s t can re turn to i t s o r ig ina l 
pos i t ion . They defined the free volume v~ of a given mole-
cule to be the volume within i t s cage less the volume of 
the molecule and i t can be red i s t r ibu ted among the cage 
without change in overa l l energy. The probabi l i ty of 
occurrence of a c r i t i c a l void adjacent to a given p a r t i c l e 
was shown to be an exponential function of the r a t i o of 
the c r i t i c a l void volume to the t o t a l free-volume; and the 
r e su l t i ng expression obtained for diffusion coefficient 
was 
D = ga*u exp [ - Yv* A f 1 (7) 
where g i s a geometric factor equal to 1/6, 'a*1 i s the 
jump distance or approximately the p a r t i c l e diameter for 
molecular l i q u i d s , u i s the gas-kinet ic veloci ty of the 
y 2 
p a r t i c l e equal to (3kT/m)' , y i s the factor to correct 
for the overlap of free-volume, v* i s the c r i t i c a l void 
volume and v f i s the t o t a l free volume. This equation was 
found to be iden t i ca l to the Dool i t t l e empirical r e l a t i o n -
18 
ship for v i scos i ty . Assuming tha t v f i s approximately 
equal to the t o t a l thermal expansion of the l iquid above 
T , at which free volume begins to appear, then 
Vf =oCvm(T " V ( 8 ) 
2J 
Here, ©c is the mean expansion coefficient in the range T 
to T . and v is the mean molecular volume derived from 
o m 
the molar volume. .Prom equations (7) and (8)
 f We get 
D = ga*(3kT/m)y2 exp [ - Yv*/ vm(T - TQ)j 
or 
D = AM ,T y 2 exp [ - ky/(T - TQ)] (9) 
where A*" and ky are c o n s t a n t s . Now i f TQ = 0°K or T ^ T , 
equa t ion {9) may formally become equ iva len t t o the exp re -
s s i o n of the r a t e t h e o r y . On the o t h e r hand, i f T y 0°K, 
i t fol lows t h a t the p r o b a b i l i t y of molecular motion d e c r e a s -
es r a p i d l y as T i s approached from above, and the l i q u i d 
w i l l become r i g i d , i . e . , w i l l t ransform to a g l a s s i n the 
v i c i n i t y of T i f c r y s t a l l i z a t i o n does not occur . 
Making use of the S t o k e s - E i n s t e i n and Nerns t -
27) E i n s t e i n r e l a t i o n s , Angell expressed the above express ion 
i n the form 
Y = AyT^2 e x p [ - kyAT - TQ)J (10) 
Ay and ky. are cons t an t s c h a r a c t e r i s t i c of t h e t r a n s p o r t 
p rocess and the chemical system. T i s another constant 
independent of the t r a n s p o r t p rocess and depends on the 
chemical system alone provided the e x t e r n a l p r e s s u r e i s 
kept cons t an t . The T has been c a l l e d t he " i d e a l g l a s s 
3u 
transition" or "zero mobility" temperature at the specified 
concentration and interpreted as the temperature below which 
no further changes in internal energy by means of rearrange-
ment of particles into configurations of lower potential 
energy are possible. In most cases T is expected to be 
somewhat lower than the experimental glass transition 
temperature, T , because of the long relaxation times 
O 
encountered in the measurement of T . This is due to the 
fact that the glass transition itself is a time-dependent 
phenomenon. The temperature of the transition, T is lower 
O 
the more slowly the experiment used to determine it is 
performed. The molecular relaxation time at the transition 
temperature may be deduced from a simple Maxwell model of 
a viscoelastic liquid which shows that 
where G^ , is the limiting rlgidxty modulus of the liquid. 
9 11 2 24 
G^ is typically 10 to 10 dynes/cm , and Litovitz showed 
that it varies much less rapidly with temperature than does 
the viscosity. Equation (11) shows that at the T tempera-
6 
3 
ture, the relaxation time for molecular motion exceeds 10 
seconds which is comparable with the duration of a normal 
experiment. At temperature below T but above T the 
g o 
relaxation times are so long that, in an experiment of 
normal duration, the properties of the liquid are essen-
3± 
t i a l l y those which appear to have been frozen in at T . 
Equation (11) also shows that an experiment of i n f i n i t e 
duration would be required to provide a glass in e q u i l i -
brium at T , at which temperature the v i scos i ty i s i n f i n i t e 
and the free volume zero. 
Moreover, in equation (10) the contr ibution of 
the preexponential temperature term to the temperature de-
pendence of t ransport proper t ies has been found to be 
negl ig ib le in most cases and the exponential part predomi-
nantly accounts for the non-Arrhenius t ransport behaviour. 
Therefore, sometimes in l i t e r a t u r e equation (10) has also 
been employed without the preexponential temperature term. 
Equation (10) i s also known as the Vogel-Tammann-Fulcher 
(VTF) equation. Several authors successfully employed t h i s 
equation before the establishment of free volume model to 
describe the non-Arrhenius transport behaviours in glass 
forming melts . 
The t ransport proper t ies of glass-forming molten 
mixtures of manganese ( I I ) chloride te t rahydra te with cad-
mium n i t r a t e t e t r ahydra te , and those of ammonium thiocyanate , 
sodium thiocyanate, and n ickel ( I I ) n i t r a t e hexahydrate with 
calcium n i t r a t e te t rahydra te have been studied here as func-
t ion of temperature. The data have been analysed and i n t e r -
preted in terms of the VTF equation and are presented in 
t h i s chapter. 
3 
Results and Discussion 
The measured densi ty of molten cadmium n i t r a t e 
te t rahydra te at 25 C i s found to be 0.43 per cent higher 
2 than that reported by Ewing and Hertey. In the cases of 
the three separate samples of molten calcium n i t r a t e t e t r a -
hydrate taken from three different bo t t l e s the measured 
dens i t i es in the respective cases are found to be 0.98 and 
0.57 per cents lower and 0.17 per cent higher than those 
reported by Ewing and Mikovsky. Such a comparison of 
2+ 2+ 2+ 
measured dens i t i es gave the ac tual H20/M (M = Cd or 2+ Ga ) r a t i o s as 4 .03, 4 .23 , 4 . 1 , and 3.96 in the respect ive 
hydrated mel ts . However, due to the lack of precise den-
s i t y versus concentration data in l i t e r a t u r e for manga-
nese ( I I ) chloride te t rahydra te and nickel ( I I ) n i t r a t e 
hexahydrate, the density comparison method could not be 
employed to determine the exact water of c ry s t a l l i z a t i on 
2+ in these melts . Therefore, the correct EUO/Mn and 
2+ H20/Ni mol r a t i o s have been estimated by the EDTA t i t r a -
4 
t ion method as described in the experimental sect ion and 
were found to be equal to 4.00§ and 6.03, respec t ive ly . 
The dens i t i e s of pure solvents as well as of t h e i r mix-
tu res in the molten s t a t e have been found to vary l inea r ly 
with temperature and, hence, leas t -squares f i t t e d to a 
l inea r function of the form f = a - bT(°K) where f denotes 
the densi ty , while a and b are empirical constants. The 
3o 
computed values of these constants along with the molar 
volume, V are given in Table 1. The values of thermal 
' m 
expansivities are listed in Table 2. 
The measured viscosity and conductance data of 
Cd(N03)2.4.03H20 at 40°C were found to differ by ^20 and 
^0.44 per cents, respectively, when compared with those 
reported for Cd(N0,)2.4.07H20.25 A difference of ^30 and 
/^ 36 per cents for Ca(N05)2.4.23H20 and r-> 9 and ^17 per 
cents for Ca(NO^)2«4.1H20 at 50 C were observed from those 
o r 
r e p o r t e d e a r l i e r . Also a d i f f e r e n c e of ^6 p e r cen t i n 
t h e v i s c o s i t y f o r Ca(N0-z)2 .3 .96H20 may be n o t e d . However, 
t h i s v a l u e i s somewhat low. Such a d i s c r e p a n c y i n v i s c o -
s i t i e s and conduc t ances obse rved h e r e may be accorded t o 
t h e d i f f e r e n c e i n w a t e r c o n t e n t s of t h e c o r r e s p o n d i n g 
m e l t s s t u d i e d . I t may, however , be no t ed t h a t a d i f f e r e n c e 
of r-' 2 p e r cen t i n v i s c o s i t i e s and c o n d u c t a n c e s f o r eve ry 
0 .01 change i n t h e H ^ / M 2 * (M2 + = Cd2 + o r Ca 2 + ) r a t i o a r e 
25 i n good agreement w i t h t h o s e s u g g e s t e d by Moynihan e t a l . J 
Both conductance and f l u i d i t y data (Tables 3-6) 
exhibi t a non-Arrhenius temperature dependence for the 
systems studied and a r e , there fore , leas t -squares f i t t ed 
to equation (10) . The corresponding parameters along with 
the standard deviations in InAand ln.# are l i s t e d in Tables 
7-10. The l i n e a r i t y of the p lo ts (Figs . 4-7) of lnY (= 0 
orA)Tversus 1/(T - T ) reinforce such an attempt to explain 
TABLE 1 : Parameters for Density Equation* and Moler 
Volumes for Molten Mixtures 
Y at 55° C 
Melt Mol # a b x 10~5 m 
•7. 
(cm /mol) 
Cd(N05)2 .4.03H20 Mn2+ 
+ MnCl 2 .4 .00m 2 0 0.00 2.6445 1.1534 136.32 
2.27 2.6067 1.0640 135.72 
4.14 2.6216 1.1243 135.09 
6.63 2.5763 1.0630 134.65 
9.07 2.5708 1.0503 134.24 
12.31 2.5583 1.0480 133.34 
Ca(N05)2 .4.23H20 NH+ 
+ MELONS 0.00 1.9635 0.7752 140.52 
10.11 1.9520 0.7841 131.93 
20.02 1.9185 0.7639 124.31 
30.35 1.8783 0.7451 116.53 
40.48 1.8424 0.7526 108.94 
51.30 1.7823 0.7054 100.60 
63.42 1.7035 0.6642 91.63 
(Continued) 
TABLE 1 : (Con t inued ) 
Melt 
























Vm a t 55° 0 







C a U 0 5 ) 2 . 3 . 9 6 H 2 0 Ni 


































































































































































































































i n to 






































































































































































" * » -
—^ 
o 















t O " * 
O V O 
<r- • -
^ ^ 
L f M T k 
t -CM 





c r> -^ 
C T i L O 
o * -
T - O -
• " t f - t— 
c--cr\ 
* - c -
• * - T -
s-^ 











O C M 
CO LT* 
CM O 
• r - CM 
_ 
o o o 
LO'tf-
L O t O 
t O CM 
T - CM 
O N " ^ 
" > ^ - l O 
LT\ ^ J -
CM CT> 
^ — T— 
T - f -
- ^ -CT> 
t o t o 
•^ l -CM 
T - CM 
*—* O D D 
t o i r \ 
CTiCO 
L f M O 
•r- CM 
O 






L O L O 
L f M O 
•<- CM 
^_^ 
t o i l -
er* co 
t o r -
KD t— 
T - CM 
CM CM 
t o r -
t o t o 
LTi-^d-




C - t -
T - CM 
^ ^ 
* - t o 
- s i - t -
O <T> 
<T»T-





i o ^ l -
I O C T I 
*£> <T> 
r— en 




0 0 CM 
L O - r -
oo-^-
T - t O 
_ _ 
0 0 L O 
•< - CTi 
C — C -
O M O 










CM t O 
^—s 
0 0 O 
C—CM 
o > - ^ 
CM CO 
CM t O 
o 






T - VO 
CM t O 
'—' 
CM 0 0 
t - o 
O M D 
CM C— 
CM t O 
_^^  
CO CM 
• r - t O 
•<d- C-
t o o 
CM "=i-
^ ) 0 0 
T - CM 
o> t o 
r— *X> 
CM t O 
cnoo 






VO 0 0 
- t o 
M3 m 
CM ^ i -
O 




t o t o 
U 3 CM 
- t f - t o 
CM ^ j -
"-" 
VO x-





C - O 
VO ' ^ > 
o t o 
t r -oo 
CM • ^ -
CT\Td-
^ ' ^ 
c - t o 
L O t O 
CM " 3 " 
• ^ - V O 
C ~ C M 
t O M D 
0 0 0 0 
CM * 3 -
• - x 
^ - v o 
t o t ~ 
CM L O 
O ^ 
t O L O 
o 
• t o 
t o 
t o 




CM l O 
^ 
L O O 
o c-
t O M D 
CTiCM 
CM i n 
CM CM 
t O C T v 
o c-
r- MD 
t O L O 
L O O 
C - ' * 
'^O T -
C T I T -
CM U N 
T - MD 
t O - r -
L O t O 
CM C^-
t O L O 
S—~S 
t O C T t 
CM t O 
O <T> 
• ^ - t o 























o — I f N - ^ 
C - t ~ 
• • 










t O - r -
vo eg 




c- t r> 
CM K> 




















T - ON 
vo -sf 







vo •»- irvoo 
a\o oo ^ 
C0.lf\ 
^ r -
t<*\vo KNC— ^ 0 0 
T - VO 
oo cr> 
00 vo 
"tf-C- ^ 0 0 


















t - i n 







































































































oo t o 
I T l r -
O O O 
• • 
CJ T -




• • CM C\J 
V£) f -
o o 
t O " 3 -
ON00 
• • CNJ CJ 
" s j - ^ 
C\J 00 
T - O 
t o ^ 
• • 
t o t o 
O LO 
CTv<-
T - t o 





C - T -
CM 00 
• • 
















V - t -
L T w j -
• • 
CNJ CNJ 
O N f O 






CNI 0 0 
i o - < ^ -
VO CNI 
O '=1-
V O •** • 
" 4 - 0 0 
LTN-r-
^ C N J 
CNI t O t O t O " s t " ^ ^ U N 






L O O 
ON O 
^ f CNJ 









CNI t O 






O N T -
"sJ-00 
ON co 
t O O N 
t O V D 
L O [ — 
U N t O 
O LfN 
T - r - , - CNJ CNJ CNI CNJ t O 
IT— CNJ 
0 0 O 
O CNJ 
L O G O 
N l - 0 0 
t O L O 
"vJ-LO 
L O L f N 




T - t O 
t o o 












i - T - CNJ i - CNJ CNI tOCNJ t O t O ^ t O 
C-ON 
ONVO 
• r - C--
t o t o 
ON CNI 
VO ^ t -
'-O t O 
VO VD 
LfNVO 





























CNJ t O 
t O - s f 
CNJ -«J-
CNJ Lf\ 
O N T -








U N O 
VO O 
* - o 
>X> VO 





I f N t O 
• ^ I T v 
CNJ ^3-
t^-VD 
VO t O 
CNJ C--
VO ON 
t o i n 
CNJ ON 
t o v o 
T - LO 






























































t r - O 
T- vo 
c n ^ VO 00 





L O | 
t - t O 
t o r -
i - CM 
vo c- c~co 
CM V O 
cncrv 
CM L O 
cn*x> 
r - o 
LO^O 
L T \ T -
t O - 3 -
"*J-LO 
• ^ t O 
CTitO 
cr>to 
«st" ITv LTvVO 
to^tf- ^- i r \ 
O T -
LTvCTi 
L T v t -
t O t O 
00 "<*• 
c - o 





* 3 " t O 
o o 
• ^ o 
T - C -

















CM - 3 -
o o 









t O ^ h 
" * • • « -
T - CM 
^ T -









T - WO 
LTVO 
O CT\ 
O " * 
- * ^ 
^ • V O 
LfNUO 
















































t O O ^O T - ( O r - - ^ O K\CTi 
t o » C - C - CM LT\ CT> T - to, T - CT« ^-^ 
CM to, CO to, t - - t r \ CO LTv O 00 13 
I I l l c—to, oo c— O T - CM VO L T \ T - 0 
• p" 
O T - O T - T - CM T - CM , - tO, f j 





[—t— T - VO CTiCM L T . O t O , * 0 VO CM CM O 
t O , 0 " ^ - i - LfMTt T - V O LT\VO 00 CT> CM CM 
o T- ^ o o CT>CTI oo vo c—GO cr>c- CT>CM 
m o o vo o c—to, cr>c-- T - T - to,vo LTVCM 



























































































" t f - O 
CT\Ti-
T - to , 















T - tO, 
10,00 





L T > T -
C-CM 
vo CM 






























































T - ^ 
















T - CM 









CO to , 
CO ITv 
t o , ^ 
•r- LTV 
CM CM 















CM to , 












































• t o , 





























^ - V O 
CM LfN 
^ C ~ 
*r- *c— 
c— t— o -a-
• • • • 







o r<^  
* - ^ 
•r- K> CM ^ 





0 0 O 
•<- r -






C - T -
0 0 C -
t*"MT-
CM ^ CM *3-
CTi[-
C - C -



































































































































































































































































































































































































































































































































































































































































































































































































*— K \ 
CM VO CO 00 
^ O O T -
o o o o 



















































































































































































































































































































































































































































































" • « * -
CM 













































































































































o t o 
t o 
o 


















































































































TABLE 10 : Computed Parameters for E q u a t i o n ( l o ) f o r the 
F l u i d i t y of CaU0 3 ) 2 . 3 .96H 2 0-Ni (N0 5 ) 2 . 6 .03H 2 0 
Melts 
Mol % 
N i 2 + k* s T 0 ,4 




3 V . 
4 
0.00 8443.8 671.00 206.60 0.006 
10.19 8325.3 677.05 204.75 0.006 
19.80 8175.0 671.00 202.00 0.006 
29.10 8025.0 672.00 200.50 0.004 
39.83 7875.0 671.20 199.41 0.009 
49.65 7725.0 671.50 197.00 0.008 
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Fig. 7 Plofs of I n 0 vs. V ( T - T o , 0 ) f o r mol fen 
Ca(NC>3)2' 3 .96H 2 O-Ni (NO3) 2 -6 .03H 2 O systems. 
Do 
the transport behaviour of all the systems tinder investi-
gation. The Hildebrand equation (2), on the other hand, 
was found to be incapable of explaining the transport beha-
viour in the present systems. However, the linear plots 
(Figs 8-11) of lnY (= <j> or A ) versus 1/(V - V ) signify 
the feasibility of equation (4) in such an analysis. The 
molar intrinsic volumes employed in these plots and other 
computed parameters of equation (4) are given in Tables 11-
14. 
The conventional activation energies, E^ and 
E,, were computed from the corresponding derivatives (Appen-
dix C) and their corrected values are given in Tables 15-18. 
Several sets of computed values of Ay, ky, and 
T were obtained with reasonable standard deviations which 
may explain the data well. Neverthless, in order to obtain 
meaningful parameters the dependence of Ay and ky on the 
value of T should be examined. The values of T for the o o 
system under study do not seem to depend largely on con-
centration, hence, one does not expect meaningful trends 
in the concentration dependences of the Ay and ky terms, 
27 Angell and Brassel pointed out that ky varies 
linearly with T in aqueous melts of calcium nitrate tetra-
hydrate and substituted DT for ky in equation (10) where 
D is taken as independent of concentration. Currently 






















































































111*11 K? o 
CO 




































































0-10 0-12 0-14 0-16 |; |||,1V 
0-10 0-12 0-14 V - V I I 
V(v-vo,0) 
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TABLE 14 : Computed P a r a m e t e r s f o r E q u a t i o n ( 4 ) f o r t h e 
F l u i d i t y of C a ( N 0 - ) 2 . 3 . 9 6 H 2 0 - N i ( N 0 - ) 2 . 6 . 0 3 H 2 0 
M e l t s 
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available data show the variation of ky with concentration 
for the ZnGlp-KCl and a number of silicate systems. Such 
a concentration dependence of ky has not been observed in 
any of the present systems. In fact, one finds often that 
the values of ky are nearly same for the systems which do 
2Q—3 "3 
not differ markedly. An empirical relation J •" h a s been 
n o t e d i n which t h e t e rm ky r e m a i n s c o n c e n t r a t i o n i n d e p e n -
d e n t . Th i s i s t r u e f o r t h e sys tems i n which c o n c e n t r a -
t i o n v a r i a t i o n s do n o t change t h e m e l t s t r u c t u r e i n t o o 
r a d i c a l a f a s h i o n . Th i s was i n d e e d t h e c a s e found i n a 
l a r g e v a r i e t y of fused n i t r a t e s , c h l o r i d e s , and c o n c e n -
t r a t e d aqueous s o l u t i o n s . 
The above view has been employed i n s e l e c t i n g 
t h e p a r a m e t e r s Ay, Kr» and T . T h e r e f o r e , i n s t e a d ^ c h o o s -
i n g t h e b e s t f i t v a l u e s of t h e s e p a r a m e t e r s t h e y were 
s e l e c t e d t o g i v e a lmos t s i m i l a r v a l u e s o f ky u n l i k e t h e 
2S "54-
method of k e e p i n g ky a s f i x e d as adop ted by o t h e r s . JtJ^ 
Such a s e l e c t i o n of t h e computed p a r a m e t e r s p r o v i d e s T , 
~ T f o r e a c h c o n c e n t r a t i o n s t u d i e d h e r e . I t ha s been 
~ O , A 
f o u n d . t h a t Ay i n c r e a s e s w i t h c o n c e n t r a t i o n f o r C a ( N 0 , ) 2 . 
4.23H20-NH4GNS and CaUO^) 2 .4 .1H20-NaCHS w h i l e a d e c r e a s e 
i n Ay i s obse rved i n t h e c a s e s o f Cd(N0^) 2 . 4 .03H 2 0-MnCl 2 # 
4.004H 20 and C a ( N 0 5 ) 2 . 3 . 9 6 H 2 0 - N i ( N 0 , ) 2 . 6 . 0 3 H 2 0 m e l t s . 
S i m i l a r l y , we n o t e an i n c r e a s e i n T w i t h i n c r e a s e i n 
c o n c e n t r a t i o n f o r Cd(N0 3 ) 2 . 4 . 03H 2 0-MnCl 2 . 4 . 004H 2 0 and 
7-L 
Ca(NO^)2.4.IHpO-NaCNS mel t s while an oppos i t e t r end has 
been no t iced i n Ca(N03)2.4.23H20-MH4CMS and Ga(NO^) 2 - 3 . 9 6 
H 20-Ni(N0 3) 2 .6 .03H 20 systems ( F i g s . 12-15) . I t may be 
u s e f u l to compare t he computed va lues of T v i z . , ^ 1 9 2 K, 
^201 °K:, and 203°£ for the pure molten Cd(N0 5 ) 2 .4 .03H 20, 
Ca(N03)2.4.23H20, and Ca(N0,)2.4.1H20 systems, respectively, 
25 34 
with those reported for the corresponding hydrated melts. -''-'^  
The value of TQ . for CaClfO,) 2.3.96H20, viz., ^  206°K is 
also comparable. Moreover, the T values of molten mix-
tures studied are not much different from those of the pure 
28 
solvents. This is supported by Angell and Moynihan's 
view that for dilute molten salt mixtures the glass transi-
tion temperature, T , are mainly determined by those of 
the pure solvents. The values of ky seems to be rather 
insensitive to the nature of the liquid, e.g., for a 
32 
variety of ionic liquids the value 680 + 5% seems to apply. 
The conductance and viscosity studies of the pure molten 
solvents Cd(N05)2.4.03H20, CaUO^) 2.4.23H20, and Ca(N05)2. 
4.1H20 and their mixtures with MnCT2.4.00*H20, NH.CNS, and 
NaCNS have yielded the values of k, & 670 and those of k^ 
£5 580 K, respectively. Also an almost identical value 
of k, &• 670°K for molten Ca(N05>2.3.96H20 and its mixtures 
with Ni(NO,)2.6.03H20 is observed. The values of ky ag-
ree with those reported by Moynihan et al. 
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with a s l i gh t var ia t ion in T , therefore , i t s estimation 
to match adequately the computed data of ky and T i s not 
so easy. On the t h e o r e t i c a l ground the preexponential 
term Ay var ies l inea r ly with m where m i s the average 
mass of the component p a r t i c l e s of the system. In the 
cases of the systems Ca(N05)2.4.23H20-NH4CNS and Ca(N03)2. 
4.1H20-NaCNS,. the mean molecular mass have been found to 
decrease on adding the corresponding solute to the solvent . 
Hence, one can expect an increase in the Ay term with 
increase in the solute concentration. This has indeed 
been found in the above systems as has also been reported 
e a r l i e r . 5 5 ' 5 6 In the case of Ca(N03)2.3.96H20-Ni(N05)2. 
6.03HpO, too , the m ' dependence of k, seems to be f e a s i -
ble since the mean molecular mass, m, increases with in -
crease in solute concentration which leadsjfea decrease in 
the A/ term. However, in the case of Cd(NO^)2.4.03H20-
MnCl2.4.00fH20 the term Ay decreases with decrease i n the 
2+ mean molecular mass of Mn in the reverse d i rec t ion o-fthatlex 
pected. Such a discrepancy in Ay with concentration has 
also been suggested in other systems. ^ *-> Al te rna t ive ly , 
t h i s reverse effect may be re la ted to the differences in 
the l a b i l i t y of water or n i t r a t e ions i n the coordination 
she l l s of the respective cat ions of the molten system as 
PR 
was given by Moynihan et a l . J Hence, in order to visua-
l i z e the concentration dependence of t ranspor t proper t ies 
7, 
those of Ay and I terms may be examined. For the systems 
at temperatures corresponding to low T/T ratios the con-
centration dependence of transport properties are mainly 
guided by the concentration dependence of T . However, 
at high temperatures the preexponential terms may become 
dominant in determining the concentration dependence of 
transport properties. 
The exponent term k„ of equation (10) based on 
the VTF model is nearly independent of concentration in 
the systems under investigation. The constancy of the ky 
term may be emphasized as suggested earlier. '^ Accord-
4 l.r 2? ing to "hard-sphere" model of Cohen and Turnbull this 
term is given as L = Yv*/ocv , where Y i s a geometric 
factor to correct for the overlap of free volume in the 
calculation of the probability of occurrence of a critical 
void and °c is the mean value of the coefficient of expan-
sion from T to T. The volume v* of the critical void 
governs the rate of diffusion and, in turn, is determined 
by the size of the larger molecule of the system. On the 
basis of this model if the solute molecule is equal or 
somewhat smaller than that of the solvent molecule it will 
diffuse at the same rate as that of the solvent since the 
diffusive transport is completed only by the jumping of a 
neighbour solvent molecule into the void left by the trans-
fer of solute molecule, .Ihe.rate of diffusion, no doubt, 
\< 
w i l l be changed by the addit ion of solute molecule due to 
the decrease in the average free volume, the c r i t i c a l s ize 
of the void necessary for diffusion w i l l not change with 
concentrat ion. For the melts studied here the hydrated s o l -
2+ 2+ 
vent cations of the type Cd(H20)4 and Ca(H20)J may act as 
the cat ions of la rger s i ze in the case of conductance and 
presumably t h i s plays an important ro le in determining the 
value of v*. Furthermore, the va r i a t ion of«: over the whole 
concentration range studied i s found to be in s ign i f i can t . 
Therefore, the term Yv*/Uvm or ky i t s e l f seems to be i n -
dependent of concentration. In the case of f l u i d i t y and 
conductance the constant term Y v * / ^ has the values of 
about 0.35 and 0.29 for the pure Cd(N0,)2.4.03H20 a n d i t 8 
mixtures with MnCl2.4.00|H20, respec t ive ly . Similar ly these 
values are 0.33 and 0.25 for the pure Ca(N0,)2.4.23H20 and 
i t s mixtures with NH^CNS, respec t ive ly . These values are 
comparable with those reported for Ca(N0~)2.3.99H20-KCNS^4 
and Ca(N05)2.4.1H20-Cu(N0,)2.2.92H2036 mel ts . 
I t may be noted that the values of k , are a l -
ways grea ter than those of lc^ for a l l the molten systems 
investigated here. This i s the manifestation of the 
differences in activation energies, S^ and BA, for f l u i -
d i ty and conductance generally found for molten sal ts .3 8 »39 
Also i t i s apparent from the plots (Figs. 12-15) that the 
slopes for f l u i d i t y are greater than the corresponding 
7 J 
slopes for conductance for the same molten sa l t system 
showing fur ther that k , > kA. The values k , /k A l i e in 
the range 1.13-1.18 and may "be compared to those reported 
by o thers . Thus the higher value of k/ than k A i s a 
r e f l ec t i on of the general r e su l t for molten s a l t s t ha t 
the r a t i o E//EA i s likewise invariably greater than one. 
In f ac t , for n i t r a t e s and other melts with complex anions 
the r a t i o s Ex/E^ are qui te low ( <1 .5 ) , while in the case 
po 
of simple halide systems the ratiagE ,/EA are generally 
found to be in the range of 2 to 7. The ratios E ,/EA f o r 
Cd(N05)2.4.03H20-MnCl2.4.00#H20, Ca(N03)2.4.23H20-NH4CNS, 
and Ca(N03)2.4.1H20-NaCffS melts are found to be 1.13 ± 
0.01, 1.20 + 0.01, and 1.15 + 0.01 (Tables 19-21), res-
pectively, and are almost temperature independent. These 
values are close to the values reported earlier ' in 
the cases of Ca(M)5)2.3.99H20-KCNS and MC12 (M = Mn2+, 2+ 2+ Co , Hi )-Bu JJC1 melts. For ionic melts the ratio 
B ,/EA > 1 implies that conductivity is predominantly 
governed by the more mobile ion of the melt resulting in 
a lower activation energy to surmount the energy barriers 
for ionic conductance than those for viscous flow in which 
ions move in clusters or pairs and less mobile entities 
determine the fate of viscous flow resulting in higher 
activation energy. The difference of about 2 Kcal/mol 
between E , and EA is of the order of Van der Waals forces 
I 
o 
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expected for the intermolecular or i n t e r e n t i t i e s forces 
responsible for determining the magnitude of v i s c o s i t i e s 
of such systems. Therefore, i t may be ant ic ipated that 
an addi t ional Van der Waals force appears to be involved 
i n the v iscous flow. This may be a molecule-molecule 
in t erac t ion whose contribution to i o n i c conductance appears 
to be i n s i g n i f i c a n t . 
Furthermore, the a c t i v a t i o n energies for f l u i d i t y 
and conductance (Table 15-18) increase with increase i n con-
centrat ion of so lu te s i n Cd(N03)2 .4.03H20-MnCl2 .4.00|H20 and 
Ca(N0~)2.4.1H20-NaCKS mel t s . On the other hand, the reverse 
trend has been observed i n molten CaCNO,)2.4.23H20-NH\CHS 
system. Similar decrease i n ac t iva t ion energy for f l u i d i t y 
i s observed i n the case of Ca(NO,)2 .3.96H20-Ni(N0-)2 .6.03H20 
mel t s . This may be v i sua l i zed in terms of the free volume 
concept. Accordingly, there i s a decrease i n the free v o l -
ume per molecule on increas ing the concentration of the 
s o l u t e . This causes an increase i n the compactness of the 
system. As the concentration increases the molecules get 
c loser re su l t i ng i n higher intermolecular forces . Conse-
quently , i t causes d i f f i c u l t y i n the flow of such c l u s t e r s 
which need higher enargy of ac t ivat ion as compared to that 
required for the system having unassociated spec i e s . I t 
i s probably also worthwhile t o find increase i n the a c t i -
vat ion energies with decrease i n the water of hydration 
i n Ca(N03)2 .4.23H20, Ca(N0 3) 2 .4 . IHgO, and Ca(N05)2 .3.96H20 
8 . 
melts . Similar explanation may also be accorded to t h i s 
t rend. As the temperature increases the average free 
volume increases due to thermal expansion of the melt 
r e su l t i ng in a decrease in the intermolecular forces , 
thereby, lowering the value of the ac t iva t ion energies . 
The glass t r a n s i t i o n temperature, T which i s 
the most important factor in determining the concentration 
dependence of t ranspor t proper t ies pa r t i cu l a r l y in d i lu t e 
aqueous melts forming complex species i s reviewed here . 
The T values l i s t e d in Tables 7-10 show l inea r dependence 
on concentration in a l l the molten mixtures inves t iga ted . 
In the cases of Cd(N03)2.4.03H20-MnCl2.4.00»H20 and Ca(N03)2< 
4.1H20-NaCNS melts the values of T increase l inea r ly with 
concentration of the so lu te . This observation i s s imilar 
to those reported for several other systems. '»^'»-?4,4 
T in equation (10) represents a thermodynamic ra ther than 
k ine t ic parameter. Hence, values of T derived from 
dif ferent t ranspor t proper t ies of the same l iquid should 
be i d e n t i c a l . The expectation of equal T values from 
different t ranspor t proper t ies have been t e s t ed by 
o the r s 2 2 ' 2 6 »42 ,43
 a n d boias f a i r l y wel l . The above p re -
d ic t ion of equal T values also holds good in the molten 
systems invest igated here . The l inea r increase in T with 
concentration may be ant ic ipated in the l igh t of the co-
rrelation4^" tha t has been suggested between T or T and 
g o 
8o 
the c h a r a c t e r i s t i c Debye temperature, ©D which shows an 
m ' depedence on the effect ive masses of the component 
p a r t i c l e s of the amorphous phase. Thus, an increase in 
TQ for the systems CdCNO,)2.4.03H20-MnCl2.4.00fcH20 and 
Ca(NO^)p.4.1HpO-NaCNS may be due to a decrease in the 
average molecular mass by increasing the solute concen-
t r a t i o n s . The same expectation may be accorded to 
Ca(N0,)2.3.96H20-Ni(N03)2.6.03H20 molten mixtures where 
an increase in average molecular mass by the addit ion of 
Ni(N0,)2.6.03H20 to Ca(NO~)2.3.96H20 causes a decrease in 
-V2 the value of T . However, such an m ' dependence does 
not apply to CaCNO,)2.4.23H20-NH4CNS mel ts . Such beha-
viours have also been reported for other systems. '^ 
An a l t e rna t ive explanation may be emphasized on the basis 
of cat ionic po ten t i a l which i s defined as %!N.Z./r-» where 
i l l 1 
N. i s the mol f rac t ion , Z. the ca t ionic charge, and r . i s 
the cat ionic radius of cat ionic species i . A re la t ionship 
between T of a system and the cat ionic po ten t i a l was 
suggested by Angell "? '4 which s t a t e s that there w i l l be 
a decrease in T with decrease in ca t ionic po t en t i a l of 
the system and vice-versa due to change in concentrat ion. 2+ The Ca ion has greater ca t ionic charge and lower ionic 
radius as compared to NH,. So one may expect a decrease 
in ca t ionic po ten t i a l with an increase in [ NH<] in molten 
Ga(NO^)2.4.23H20, r e su l t ing in a decrease in T value. 
8u 
The dependence of T on cat ionic potential is also observed 
in the case of Cd(H03)2.4.03H20-MnCl2.4.00*H20 melts. The 
T of a particular system is interpreted as a theoretical 
glass transition temperature or, in other words, the extent 
of cooling to reach the zero free volume. Addition of 
solute to the molten solvent causes the decrease in the 
free volume of the melt and therefore, less cooling may 
be required to reach the zero free volume or amorphous 
phase at higher concentrations. Accordingly, higher values 
of T may be expected for concentrated solutions. 
The intrinsic volume, V . has been found to 
decrease linearly with concentration in the cases of 
Cd(N05)2.4.03H20-MnCl2.4.00|H20, Ca(N05)2.4.23H20-NH4CNS, 
and Ca(N0-)2.4.1H20-NaCHS melts (Pigs. 12-15), thereby 
showing a direct dependence on m. On the other hand, V ^ 
increases linearly with concentration in Ca(U0,)2.3.96H20-
ffi(NO,)2.6.03H20 melts and contradicts the above m depen-
dence. It is worthy of note that for all the melts studied 
here V^s have been found to be additive in nature. This 
additive nature of V may be attributed to the ideal be-
haviour of these melts with respect to the molal volume. 
Therefore, V0 can be given by the relation V » ^xiVo i» 
where YA _., represents the molar intrinsic volume of the o»*x 
melt having the ith component of mol fraction x*. However, 
it is apparent from the viscosity and equivalent conductance 
isotherms that these properties are not additive in nature 
in these melts. Such behaviours are also observed in the 
cases of (CdCl2 + CdBr2, PbCl2 + PbBr2, AgCl + AgBr)47, 
Ca(H03)2.3.99H20-KCHS,54 and 2n(H03)2.6.33H20-Ca(N03)24lH30 wei^ 
U4»r >-' 1' » Now it would be useful to compare the 
Doolittie's model with that of Cohen and Turnbull's. The 
term lei in the exponential term of equation (4) is related 
to Yv* per mol and appears to be concentration independent 
like that of the k- term of the VTP model. The constancy 
of k- is also emphasised by the identical slopes of the 
linear plots (Figs. 8-11) of InT (» 4 orA) versus 1/(7 - V 0). 
The absence of the factor T ' in the preezponential term 
in Doolittle's model may be responsible for the higher 
standard deviations in lnff and In A although it affects 
insignificantly even in VTF equation. The preezponential 
term jJL has been found to be concentration dependent like 
that of the Ay term of the VTF equation. It is equally 
important to find almost identical values for YQ J and VQ 
thereby implying the thermodynamic nature of Y • Thus the 
computed values of V > . refer to the molar volumes of the 
Po 
viev that the origin of the free volume is not at 0°K but 
corresponding melt at I and not at 0°E which supports the 
rather TQ. 
Finally, it seems important to note that, even 
though the VTF model successfully describes the present data, 
9x 
it may not explain many facts well. According to the VTF 
model the molecules are assumed to be hard-spheres and they 
require the size of molecular diameter for their jumps in 
the process of diffusion. However, recent studies on mole-
cular dynamics show that at least for hard-spheres there is 
no characteristic jump distance in fluid diffusion . Second-
ly, the influence of intermolecular forces on transport pheno-
mena was neglected in the VTP model. Its inadequacy in ex-
plaining the redistribution of zero energy free volume to 
molecularly complex systems may also be pointed out* More-
over, the VTP model failed badly during the study of the 
effect of pressure on viscosity and on electrical conduct i-
AQ«.«51 52 
vity. 7 J Adam and Gibbs' model seems better in explain-
ing the experimental data than that of the VTP model based 
on the free volume concept. 
C H A P T B R - I V 
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The VTF equation based on the free volume con-
cept appears to be i l l def ined operat iona l ly and i t s main 
shortcomings were pointed out i n the e a r l i e r chapter. An 
a l t ernat ive theory which cannot be c r i t i c i z e d e i t h e r on 
the grounds of r e s t r i c t i v e mechanism or of i n a p p l i c a b i l i t y 
52 t o complex systems has been proposed by Adam and Gibbs. 
22 In t h i s theory Cohen and Turnbull's idea regarding g la s s 
t r a n s i t i o n and free volume disappearance at T has not been 
l o s t . Rather i t i s replaced by the even more appealing 
proposi t ion that the e s s e n t i a l l iqu id s t a t e c h a r a c t e r i s t i c 
which becomes zero at the temperature T i s the configura-
t i o n a l entropy of the l i q u i d , furthermore, where the free 
volume disappears at T was an assumption i n Cohen and 
Turnbull's model, i n the Adam and Gibbs theory the vanishing 
entropy comes as a central re su l t of a success fu l s t a t i s -
t i c a l mechanical theory at TQ of chain polymer l iqu ids at 
high p a r t i c l e d e n s i t i e s , which can presumably be general ized 
to include nonpolymeric l i q u i d s . 
Moreover, the "quasistat ic" g l a s s t r a n s i t i o n 
temperature, T has been defined as the temperature below 
which molecular re laxat ion times are too long to permit 
establishment of equilibrium i n the duration of even the 
53 
slowest experiment. Kauzmaxuar^ noted, i n f a c t , the ex tra -
9 
polated values of the p lo ts of observed equilibrium proper-
t i e s such as entropy, heat content, and speci f ic volume 
versus temperature for severa l substances to the tempera-
tu res not very far below the glass-transformation but s t i l l 
far above 0°K are found to be l ess than those of the crys-
t a l l i n e so l i d . This pecul iar r e su l t can only mean that 
somehow the above extrapolat ion i s not permissible . Among 
these c r i s e s , the entropy c r i s i s was the fundamental para-
dox requir ing reso lu t ion . 
The decrease in entropy to small values and the 
paradox of negative configurational entropies at lower 
54. temperatures was s e t t l ed by Gibbs and DiMarzio through 
t h e i r s ta t i s t ico-mechanica l theory by demonstrating a 
second-order t r a n s i t i o n at the temperature, T where the 
g 
configurational entropy vanishes. Below T , the configura-
& 
tional entropy remains, of course, zero, rather than going 
to meaningless negative values. 
54. The above idea expressed by Gibbs and DiMarzio 
finds quantitative statement in the theory of Adam and 
52 Gibbs.J The temperature-dependent relaxation times in 
dynamic mechanical or dielectric experiments in liquids 
are determined by the probabilities of cooperative re-
arrangements. The cooperatively rearranging region is 
defined as a subsystem of the sample which, upon a suffi-
9o 
cient fluctuation in energy, can rearrange into another 
configuration independently of its environment. On show-
ing that at T the cooperatively rearranging region must, 
of course, comprise the whole system since, at this tem-
perature, there is only one available configuration for 
even the whole system, there resulted for the average tran-' 
sition probability, w (T) , the expression 
w (T) « I exp (- MS*/kTSc) (12) 
where A is a frequency factor, AA^-B *ke ***ee energy barrier 
per mol of particles opposing the cooperative rearrangement, 
S* is the minimum configurational entropy which a region 
c 
of the liquid must possess in order to undergo cooperative 
rearrangement, k is the Boltzmann constant, and 3 is the 
configurational entropy of the macroscopic supersystem. 
By making the approximation 
S» ^ C Inl/T„ c — p ' o 
where AC i s the change i n the heat capacity at the glass 
transi t ion, we a r r ive at the expression 
w (T) « 1 exp (-AAS*/kT-6Cpln(T/T0)) (13) 
Equation (13) can be wri t ten as 
w(T) = 1 exp ['-k"/T In (T/TQ)] (14) 
where kM = 4kS*/k4Cp 
Equation (14) represents the f i n a l equation by Adam and 
•52 
G-ibbs obtained for the re laxat ion processes i n g l a s s -
forming mel t s . I t i s known that the t r a n s i t i o n probabi-
l i t y , w(T) i s d i r e c t l y re lated to the mass transport pro-
cesses l i k e d i f fus ion , f l u i d i t y , and conductance. There-
fore equation (14) may be transformed into the expression 
T - Aj e x p f - k J / T In (T/TQ)] (15) 
In t h i s equation AOL i s another constant . 
The temperature dependent transport data given 
in Chapter I I I have been analyzed and discussed i n the 
l i g h t of the configurational entropy model and are pre-
sented i n t h i s Chapter. 
Resul ts and Discussion 
The f l u i d i t y and conductance data of a l l the 
molten mixtures studied here were l eas t - squares f i t t e d 
to the equation (15) based on the conf igurat ional entropy 
model. The f e a s i b i l i t y of the model i s t e s t ed by the 
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1/{T In (T/T )J. The computational analysis of the data 
have been done in a manner s imilar to tha t adopted in 
Chapter I I I . A number of A£ *— k£ — TQsets have been 
found to f i t the equation (15) . Out of these various 
possible s e t s those which provide almost i d e n t i c a l values 
for the exponential term kj. l i k e those of ky term of the 
VTF equation (10) were se lec ted . These selected values 
of the parameters are presented i n Tables 22-25 along with 
the standard deviat ions in In $ and InA . The ac t iva t ion 
energies (Tables 26-29) were computed us ing the standard 
procedure as given i n Appendix C. The ac t iva t ion energies 
obtained from both the VTF and the configurat ional entropy 
models are in good agreement with each o ther . 
Some s t r ik ing s i m i l a r i t i e s of the VTF equation 
(10) and of equation (15) may be v i sua l ized . The para-
meter T of equation (10) represents the temperature below 
which the free volume of the system i s zero , while i n the 
case of equation (15) based on the cooperative rear range-
ment model, T re fe rs to the temperature below which the 
configurat ional entropy of the system i s zero. Thus, 
apart from the preexponential f ac to r , equations(10) and 
(15) are functionally r e l a t e d . ^ Furthermore, Ange l l 5 2 ' 5 ^ 
56 applied Clapeyron equation"^ for AC to r e l a t e the Adam-
Gibbs equation (15) with tha t of the Doo l i t t l e type equa-
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TABLE 25 : Computed Parameters fo r Equa t ion(15) fo r the 
F l u i d i t y of Ca(NO,)2 .3 .96H20-Ni(N0,)2-6.03H20 
Melts 
M 0 1 %
 A » k » , S t d . d e v . 
N±2+ <j> $ o ,tf in In ^ 
0.00 179.50 696.00 206.00 0.008 
10.19 175.00 697.00 204.70 0.007 
19.80 170.30 689.20 202.20 0.008 
29.10 166.50 689.00 201.00 0.005 
39.83 160.30 687.00 199.20 0 . 0 U 
49.65 157.80 683.00 197.10 0.018 
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leads to the expression 
w(T) = A expj"(-c cOn T ^ d p / v ^ p c d - TQ)J 
m A exp [ -b/v f~j 
where v andA«* are the molar volume and change in expansion 
coefficient, respectively. Therefore, the identical nature 
of equations(10) and (15) may be anticipated and the differ* 
ence between the two lies only in their theoretical approach-
es on which these equations are based. It is apparent from 
the tables 22-25 that the values of ky and TQ are in good 
agreement with those obtained from the VTF equation (10). 
The difference in the preexponential terms A!L and Ay is, 
on the other hand, notable. The lower values of Ay than 
those of Ay of the VTF equation may be due to the presence 
of a temperature term in the preexponential factor of the 
latter equation. However, the term T ' embodied in the 
preexponential term Ay has a very weak effect on the tem-
perature dependence in comparison with the exponential term. 
The preexponential term Ay has been found to 
vary linearly (Fig. 20) with concentration in a manner 
similar to that of the Ay term of the VTF model. In the 
cases of Ca(N0?)2.4.23H20-BH4CB3 and Ca(N0-)2.4.1H20-NaCHS 
melts Ay increases linearly with concentration while in 
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Fig 20 V a r i a h o n of Ay wihh c o n c e n f r a M o n of Cd(NO3) 2 *403H 2 O -
MnCI 2 4-00 H20(l , l l ) , Ca (N0 3 ) 2 ' 4 . 23H 2 0 -NH 4 CNS( IV , V)^Ca(N03 )24-1H20-
NaCNS(VI,VII) , a n d Ca(NO3) 2 -396H2O-Ni (NO3) 2 6.03H 2 O(l l l ) melhs. 
lio 
decrease in Ay has been observed. Also for Ca(NO,)2-3.96 
H20-Ni(H0,)2.6.03H20 system the preexponential term has 
been found to decrease linearly with concentration. The 
variation of Ay of VTP equation (10) was explained on the 
basis of mean molecular masses of the component particles. 
-V2 tt 
However, such an m ' dependence of Ay term observed here 
may not be emphasized. An indirect reasoning seems to be 
feasible to explain the variation of Ay with concentration. 
Maxwell has suggested a relationship between the time of 
relaxation,T of the flowing entities and the rigidity 
modulus, Q of the system which is given by 
1/T= GY (16) 
According to Eyring's expression the re laxa t ion time may 
be given as 
T= ^ e x p [ - E / R T ] (17) 
in which T0 refers to the period of vibration of the 
flowing ent i t i es in the equilibrium posit ion, B,the 
activation energy for relaxation, and £ and T have the ir 
usual meaning. Combining the equations (16) and (17) 
one can write 
T = 1/G^ exp[ -E/RT] (18) 
1 1 ' 
Furthermore, the average transition probability for coopera-
tive rearrangement of the entities, w(T) as pointed out by 
Adam and G-ibbs is proportional to the fraction of confi-
gurations .which undergo such transition and can be given 
as 
w(T) <* n'/» (19) 
where N is the number of independent, equivalent and dis-
tinguishable subsystems or configurations of macroscopic 
system and n', the number of configurations which undergo 
such a transition. Also it may be shown that the transi-
tion probability, w(T) is proportional to the reciprocal 
of the relaxation timeY. Accordingly, we find that 
w(T) U 1/T (20) 
On comparing the preexponential factors of equation (18) 
with that of equation (15)» we get, 
4 = 1/QT0 (21) 
It may, therefore, be concluded that the term 
Al depends on the rigidity of the system. As the concen-
tration increases the system becomes more and more rigid, 
the average cooperative transition probability decreases, 
in other words, the relaxing species will have greater 
11 
period of v ibra t ion in the i r equilibrium pos i t ion . There-
fore , a l i nea r decrease i n AZ may be an t ic ipa ted with i n -
crease in concentrat ion. 
The concentration independent nature of the 
k£ term l i ke tha t of ky term of the VTF equation may be 
v i sua l ized . According to the configurat ional entropy model 
the factor k!l i s equal to NA/±S*/RAC in which the terms 
have t h e i r usual s ignif icance as described i n the in t roduc-
t i o n . In th i s expression S*, the minimum configurat ional 
entropy which a region of the l iquid must possess in order 
to undergo cooperative rearrangement i s taken as constant 
(S* « k ln2 , k i s the Boltzmann cons tan t ) . Furthermore, i t c 
has been suggested tha t changes in A/4 from one system to 
another::may be offset by p a r a l l e l changes in AC . I t may, 
the re fore , be presumed that the term k_ of equation (15) 
i s almost constant. The expectation of almost constant 
values of ky are actual ly observed here for a l l the molten 
systems studied and was found to hold f a i r l y good in large 
var ie ty of other molten s a l t s , polymers and organic l iqu ids 
at low temperatures. 
57 Moynihan and Angell during t h e i r measurements 
of diffusion coeff ic ients for Ag+, T l + , and Cd2+ ions i n 
molten calcium n i t r a t e te t rahydra te pointed out the d i s -
crepancy between the k. ( j stands for any t ranspor t p ro-
J 
IIJ 
perty) terms (Table 2 ) 5 7 (582 .4 for D^ +/T, d i f f u s i v i t y / 
temperature versus 726.8 for V^y , rec iproca l of the bulk 
v i s c o s i t y ) i s about 22 # . Ve are a lso able to » r k the 
s i g n i f i c a n t discrepancy between ky (Tables 7-10) as w e l l 
as k!l (Tables 12-15) terms for the conductance and f l u i -
d i t y study i n the cases of molten s a l t systems inves t iga ted 
here. For example, the discrepancy between the ky terms 
(567.0 for conductance versus 670.0 for f l u i d i t y ) i s about 
15 # . The discrepancy has almost i d e n t i c a l magnitude i n 
the case of k!l term a l s o . These discrepancies could pro-
bably be improved i f one could d i s s e c t the shear and bulk 
v i s c o s i t i e s in to considerations from the appropriate relaxa-
t i o n times and moduli L i t o v i t z and McDuffie and t h e i r 
PA 5 8 5Q 
coworkers ^" 9J* have shown experimentally that be t ter 
r e s u l t s are achieved when one takes in to account the tem-
perature and pressure dependences of shear and s t ruc tura l 
re laxat ion times rather than us ing the corresponding v i s -
c o s i t i e s . 
The l inear dependence of T on concentration 
i s important i n explaining the transport behaviour of 
par t i cu lar ly d i l u t e aqueous melts with concentration. 
Therefore, much at tent ion may be paid to study such a 
var ia t ion of T with concentration. Q u a l i t a t i v e l y , there 
seems to be a number of fac tors which determine the value 
of T for a substance. The most pronounced factors are 
the molecular s ize and complexity. Since the const i tuent 
p a r t i c l e s are qui te small for molten s a l t s , molecular com-
plexi ty has only a secondary influence on the value of T . 
On the other hand, for systems having small ion ic or mole-
cular aggregates the ove ra l l cohesive energy of the l iqu id 
seems to be responsible in determining the magnitude of T . 
A low value of T generally below 100°K i s observed for 
the l iqu ids in which cohesive energy a r i s e s from London 
and dipole-dipole forces . However, T ' s in the range of 
200-500°K are found i n molten s a l t s and highly concentrated 
solut ions having strong coulomb forces . For net-work 
l iquids such as s i l i c a g l a s ses , B 2 0, , e t c . , one may expect 
very strong coulomb and covalent bonding forces thereby 
TQ 's l i e in the range 400 and 700°K. Hence, the important 
ro le of cohesive energy i n s e t t i ng the value of T may be 
s t r e s sed . 
The coulomb energy of a system i s lower the 
lower the average charge/radius r a t i o of the anions or 
cations of the melt . The l i nea r increase i n T with i n -
o 
crease in concentration of Ca(N0,)2 in Ca(N0,)2-KK0, melts 
was explained on the basis of cationic potential. ° The 
cationic potential of a substance has already been de-
fined in the previous Chapter. The increase in the value 
of T in the above melt is due to a corresponding increase 
in the cationic potential with the addition of solute 
1 f> 
having larger cationic charge/radius ratio. Assuming that 
there is no coulombic attraction in the structure, i.e., 
a condition of zero cationic strength one may obtain the 
value of T nearly equal to 100°K. Such an extrapolated 
value of T to zero cationic strength is comparable with 
the T values of 80-100°K obtained for simple molecular 
S 
liquids. This concept of cationic potential may, there-
fore, be applied to any pure or mixed nitrate system to 
give T value in a reasonable accord with the observed 
value. For the systems having halide anions and anions 
other than nitrate ions, linear plots with different slopes 
but similar T values corresponding to zero cationic poten-
tial may be expected. Although, the above correlation bet-
ween T and the cationic potential seems to be feasible, 
preferably, for the systems having common anion, it fails 
to take into account the contribution of anionic species 
present in the system. Therefore, such^relationship appears 
to be less reasonable. According to the above correlation 
between T and the cationic potential larger differences 
in the relaxation behaviour should occur between Li and 
Na+ ions in their nitrate melts owing to the greater differ-
ence in cationic charge/radius ratios which contradicts 
the observed parallelism in relaxation behaviour of the 
two melts. Also the basis of the cationic potential to 
explain the observed TQ values of Ca(MO,)2.4H20 and Cd(N0,)2. 
JL (^ >-w 
4H?0 melts fails badly. On the basis of this correlation 
one might expect a higher TQ value for Cd(N0,)2.4H20 than 
for Ca(N0~)2.4H20 due to higher cat ionic charge/radius 
ratio in the case of the former as compared to the latter. 
This, however, is contrary to the observed T values in 
the two cases. Angell and Helphrey in their recent study 
of alkali metal nitrates have observed that the dependence 
of the glass transition temperatures on cation type are 
quite different from those reported previously for these 
bs 
62 
me l t s on t h e a s i s of c a t i o n i c r a d i i and a n i o n - c a t i o n 
r a d i u s sums. 
Q u a l i t a t i v e l y , t he v a r i a t i o n of T wi th concen-
t r a t i o n may be v i s u a l i z e d i n terms of t h e c o n f i g u r a t i o n a l 
entropy of the system. As t h e concen t r a t ion of the s o l u t e 
i n c r e a s e s the system becomes succes s ive ly more r i g i d . T h i s , 
i n t u r n , lowers the c o n f i g u r a t i o n a l entropy of t h e system 
and hence l e s s coo l ing may be r equ i red t o reach the g l a s s 
t r a n s i t i o n r eg ion . This c o n s i d e r a t i o n suppor t s t h e i n -
c rease i n the TQ v a l u e s . I n t h e cases of Cd(H0 5 ) 2 .4 .03H 20-
HnCl2 .4.00|H20 and Ca(N05)2.4.1H20-NaCHS melts TQ values 
have been found t o increase with increase i n concentration 
of the so lu te re inforcing the above view. On the other 
hand, i n t he cases of Ca(H05)2.4.23H20-HH4CHS and Ca(H0,) 2 
3.96H20-Ni(N05)2 .6.03H20 mel ts t he decrease i n the va lues 
of T wi th s o l u t e concen t ra t ion i s con t ra ry t o t h a t expected, 
12,3 
Such type of behaviour is also observed in other melts. ->*-5b 
The observed fact leads to conclusion that in almost ideal 
molten salts the values of T depend on the T's of the 
pure solvent and that of the solute. Consequently, a 
linear increase (or decrease) in the values of T may be 
expected with successive increase in the concentration of 
solute having higher (or lower) T than that of the solvent. 
Accordingly, a linear decrease in T is observed with in-
crease in concentration of Ni(N0,)2«6.03H20 which has lower 
TA value, o 
Furthermore, the dependence of T on the average 
molecular mass of the component particles of the melt through 
44 the correlation as cited in the previous Chapter seems 
to be applicable in the cases of Cd(NO-)2.4.03H20-MnCl2. 
4.00gH20, Ca(N05)2.4.1H20-NaCNS, and Ca(N03)2.3.96H20-
Ni(N0»)2.6.05H20 melts. Accordingly, an increase in the 
values of T in the first two cases may presumably be due 
to the decrease in the average molecular mass of the system 
with the addition of solute having lower molecular weight 
than that of the solvent. The decrease in the values of 
T in the latter case, on the other hand, is due to an 
increase in the average molecular mass of the system due 
to the addition of Ni(N0,)2.6.03H20 which has higher mole-
cular weight. However, the above m ' dependence relation-
ship fails to explain the decreasing trend of T on the 
12-i 
addit ion of NH.CNS having lower molecular weight i n molten 
Ca(N0,)2«4.23H20. Such a reverse trend has also been noted 
i n the case of Ca(N05)2.4.1H20-Cu(N05)2.2.92H20 m e l t s . 5 6 
The va r i a t ion of ac t iva t ion energies both for 
viscous and conductance flows with temperature and concen-
t r a t i o n (Tables 26-29) may be visual ized in terms of con-
f igura t iona l entropy model in a manner s imilar to t ha t of 
VTF model discussed i n Chapter I I I . The r a t i o s , E^/Bj^ 
for Cd(N05)2.4.03H20-MnCl2.4.00*H20 (Table 30) and those 
of the other melts are found to be greater than un i ty . 


















































































































































































































































C H A P T E R - V 
Concentration Dependence of Transport Behaviour of 
Molten Sa l t Systems 
1 
Introduction 
In earlier Chapters III and IV only the tem-
perature dependence of transport properties of the glass-
forming molten mixtures of cadmium nitrate tetrahydrate 
with manganese(II)chloride tetrahydrate and those of 
calcium nitrate tetrahydrate with ammonium thiocyanate, 
sodium thiocyanate, and nickel(II)nitrate hexahydrate 
have been interpreted in the light of the parameters of 
equations (10) and (15). 
Molten salt solutions are known to behave 
differently as compared to aqueous solutions. This is 
due to the fact that even in extremely dilute solutions 
of molten salts the solute is subject to strong inter-
ionic effects because of close proximity of charged ions 
in such media. They may be regarded as very concentrated 
electrolytes and are of considerable theoretical interest, 
Attention has recently been directed to the fact that 
great majority of solutions which reach concentrations 
approaching their maximum solubility become very viscous 
on cooling to their melting temperatures and may readily 
supercool to vitreous state.50*52'45,6*'65 This has led 
to the examination of relaxation processes in glass-form-
ing melts in order to have a greater insight into the 
nature of transport processes in highly concentrated 
so lu t ions and to provide new empirical descr ip t ion of the 
concentration dependence of transport proper t i e s . 
32 In order to achieve t h i s aim Angell^ modified 
equation (10) to an isothermal expression for the var ia -
t i o n of transport propert ies with concentration by assum-
ing Ay and k_ as concentration independent and taking 
only T as varying l i n e a r l y with concentrat ion. The r e -
s u l t i n g expression i s of the form, 
Y = A y l - y 2 exp [ - k y / Q ^ C ^ - H)] (22) 
where Qpy is the slope of the linear plot of T versus 
N (= mol £) and N , the characteristic concentration at 
which the isothermal temperature, T becomes the glass 
transition temperature, T of the system, i.e., the con-
6 
centrat ion at which the p a r t i c l e m o b i l i t i e s would f a l l 
to zero at the isothermal temperature. Recent s tudies 
25 "5A 
on a large number of molten s a l t systems ^ ' ^ ' have 
revealed that the parameter Ay a l so var ie s l i n e a r l y with 
concentration. Accordingly, equation (22) was modified4 1 
to the form 
* - UoT± Q1T»>*~y2 «*P [- V Q 2 Y ( V H)] ( 2 3 ) 
i n which Qjy represents the slope of the p lo t of Ay versus 
N and A y i s the value of Ay for the pure so lvent . The 
above Isothermal equation has been s a t i s f a c t o r i l y em-
ployed to describe the concentration dependence of t r a n s -
4.1 port propert ies of many molten s a l t mixtures. The 
l i m i t a t i o n s of t h i s equation may, however, be pointed 
out . This equation has been found to be meaningfully 
appl icable only within the T values of the two compo-
nents . I f we try to go beyond t h i s range of temperature 
the values of N w i l l be e i ther l e s s than zero or more 
than 100 mol £ which are phys ica l ly meaningless. For 
example, i n the case of Ca(N0,)2 .4 .09H20-Cd(N0-)2 .4 .07 
PR Ho0 J melts T^ values of the solvent and that of the c. o 
so lu te range between 205 and 193°K. Therefore, the con-
centrat ion dependence of transport propert ies obtained 
above 205°K cannot be explained through t h i s isothermal 
equation. For the mixtures of a l k a l i metal n i t r a t e s i n 
molten Cd(N0^)2.4H20 and Ca(N0~)2.4H20 s imi lar d i f f i c u l -
t i e s ar i se i n applying the above isothermal equation. 
Such d i f f i c u l t i e s are a l so encountered i n the present 
molten s a l t systems. In order t o get r id of such, an 
inherent d i f f i c u l t y with the modified Angel l ' s equation 
(23) another equation based on the conflguratlonal entro-
py model was looked i n t o . According t o t h i s m o d e l " at 
equal values of T/T the entropies , according to the 
equation Srt = AC ln(T/Trt) where AC i s the di f ference 
c jp w p 
1 r) . l o i 
in heat capacities of liquid and glassy state, are taken 
as almost concentration independent provided that AC is 
also constant. Therefore, the feasibility of basically 
this expression in explaining the concentration dependence 
of transport properties of the systems under investiga-
tion have been examined. However, the assumption made 
here that AC is concentration independent has lack of 
support. Therefore, another modified expression based 
on the VTF equation (10) has been proposed to explain 
more satisfactorily the concentration dependence of trans-
port properties of molten mixtures. Here at equal values 
of T/T , the activation energies of the systems assume 
constant values. The resulting equation is thus an iso-
energic one. The temperature dependence of transport 
data of the systems under investigation has already been 
given in Chapter.?III and IV. The selected systems have 
been employed for examining the relative significance of 
the two expressions (50) and (31) in explaining the con-
centration dependence of viscosities and conductances. 
Results and Discussion 
In order to examine the concentration depen-
dence of transport properties, variations in the values 
of Ay and T terms of VTF equation and that of Ay term 
of configurational entropy model with concentration have 
been examined. Since the nature of their concentration 
dependence has already been emphasized in earlier Chap-
ters, only a reference to this effect is made here. In 
the cases of the systems studied earlier, e.g., Ca(N0,)2-
KN0529, Ca(H05)2-H2067, TUSTO^-CaUO^68, as well as in 
the systems studied here, e.g., Cd(H03)2.4.03H20-MnCl2. 
4.00*H20, Ca(N03)2.4.23H20-HH4GNS, Ca(N03)2.4.1H20-NaCNS, 
and Ca(N05)2.3.96H20-Ni(N05)2.6.03H20 the concentration 
dependence of transport properties has been found to be 
predominantly governed by the T values. This sometimes 
leads one to assume that the preexponential terms Ay and 
Ay are concentration independent. 
Concentration dependence of the preexponential terms 
As cited in earlier Chapters the dependence 
of the parameter Ay on the mean molecular mass of the 
component particles of the melt shows a qualitative 
approach in understanding the concentration dependence 
of Ay. According to this qualitative reasoning the 
1 
term Ay should increase with, decrease i n e f f e c t i v e masses 
o f the component p a r t i c l e s on the addit ion of so lu te i n 
molten so lvent . The above corre la t ion between the term 
Ay and the mean molecular mass of the component p a r t i c l e s 
holds good i n the cases of Ca(N05)2.4.23H20-NH4CNS, Ca(NO-) 
4.1H20-HaCHSt and Ca(N0 5 ) 2 .3 .96H 20-Ni(N0 3 ) 2 .6 .03H 20 me l t s . 
In the former two cases the average molecular mass dec-
reases on addit ion of so lute and hence Ay goes on increa -
sing with concentration while i n the l a t t e r melt LJ has 
been found to decrease with concentration which f a i r l y 
supports the m ' dependence r e l a t i o n s h i p . On the other 
2+ hand, the decrease i n Ay with increase i n [Mn ] having 
lower molecular weight i n molten CdCNO,)2.4.03H20 shows 
a reverse of the e f f ec t expected from m ' dependence 
25 — V2 
as was a lso reported by o thers . ' However, the m ' 
dependence of the preezponential term, Ay of configura-
t i o n a l entropy equation (15) may not be explained on the 
basis of t h i s corre la t ion . An ind irec t explanation based 
on the r i g i d i t y of the system was proposed i n Chapter IV. 
Accordingly, the term Ay may be expressed as f o l l o w s , 
Ay = Ty2/T0G (24) 
where the terms have their usual meaning. The above re-
lation shows that as the concentration of the solute in-
creases the system becomes increasingly more rigid and 
consequently, Or, the rigidity modulus of the system in-
creases resulting in a decrease in the term Aw. Further-
more, the larger values of the slopes of the linear plots 
of AJ versus N than those of AA versus N (Table 31) as 
well as those of Aj versus N than Aj^ versus H (Table 32) 
imply that Av and Av decrease (or increase) with concen-
tration more rapidly than those of A* and A^ in the res-
pective cases. Therefore, conductance appears to be less 
sensitive to the change in rigidity of the system than 
the fluidity. It may be anticipated on the basis of the 
differences in the slopes of the linear plots of A^ and 
AA versus N as well as those of AJ and A^ versus N that 
the factors which determine the concentration dependence 
of these preezponential terms are not the same. This 
observation is contrary to the reported behaviour in the 
case of Ca(N05)2.4.09H20-Cd(N05)2.4.09H20 melts25 where 
2+ plots of lnA^ and lnA^ versus mol fraction of Cd are 
linear and parallel, showing that the same factors deter-
mine the concentration dependence of the preezponential 
terms of both conductance and fluidity. 
It may be noted from the optical spectra (Cf. 
optical spectra) of the thin films of Ni(H0,)2.6.03H20-
rich solutions of Ca(N0,)2.3.96H20 that the absorbing 
2+ 
species have octahedral symmetry, i.e., Bfi(H20)g . Simi-
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mixtures of MnCl2.4.00iH20 and Cd(N0,)2 .4 .03H20. Such 
2+ 2+ 
an as soc ia t ion of water molecules with Ni and Mn 
2+ 
ions to form N i ( H 2 0 ) | and Mn(H20)4Cl2 spec ies i s ex-
pected to contribute more to v i s c o s i t i e s than to conduc-
tances . The l inear var ia t ions of Ay ( F i g s . 12—15) as 
w e l l as of A ! (F ig . 20) with concentration may be expressed 
as 
Ay « Ao y + Q1TN (25) 
and Ay = A£y + Q y^N (26) 
H I I 
r e s p e c t i v e l y . AQy and A y are the values of Ay and Ay, 
r e s p e c t i v e l y , for the pure solvent and Q1Y and Qly are 
the corresponding s lopes of Ay and A!1 versus N p l o t s . 
Concentration dependence of T 
As mentioned i n t h e e a r l i e r Chapters for the 
systems under i n v e s t i g a t i o n TQ shows a l i n e a r re la t ionsh ip 
with mol £ of so lute ( F i g s . 12-15) . Such a var ia t ion of 
T with concentration of so lute has a l so been reported 
e a r l i e r . 9>34,4 »6 jae concentration dependence of T 
has been viewed through the consideration of cohesive 
energy, molecular masses at severa l concentrations, and 
f i n a l l y changes i n molecular complexity. In the case of 
molten Cd(N05)2.4.03H2O-MnCl2.4.OO|H20, added so lute cat ion 
13o 
Mn has higher charge/radius r a t i o than that of the s o l -
2+ 
vent ca t ion , Cd . Hence, one f inds an increase i n the 
coulomb energy of the system with increase in£Mn i . 
Consequently, t h i s r e s u l t s i n a l inear increase i n the 
values of T with concentration. The coulomb energy i n 
the case of Ca(N05)2.4.23H20-HH4CHS decreases with increase 
in the concentration of so lu te having cat ion of lower 
2+ charge/radius r a t i o than that of Ca which, i n turn , 
causes a l inear decrease i n the values of T with concen-
t r a t i o n . However, the above explanation may not be accord-
ed to the cases of Ca(N05)2.4.1H20-HaCHS and Ca(H0 5 ) 2 .3 .96 
H 20-Ni(N0,) 2 .6 .03H 20 melts because i n these systems a 
reverse trend of T with so lute concentration i s observed. 
44 The corre la t ion proposed by Angell between T and the 
e f f e c t i v e masses of the component p a r t i c l e s seems to be 
f e a s i b l e i n these mel t s . I t may be noted that the value 
of m goes on decreasing as NaCHS i s added to molten Ca(H0,)2< 
4.1Ho0 and hence an increase i n the values of T with con-ic o 
centrat ion i s expected on the bas i s of the above corre la -
t i o n . In the case of Ca(N03)2 .3.96H20-Hi(NO-)2 .6.03H20 
the m~* dependence of TQ a l so appears to be f e a s i b l e where 
T decreases with increase i n the value of m on adding 
the so lute of higher molecular weight i n the molten so lvent . 
Therefore, the concentration dependence of T may be ex-
pressed by the l inear r e l a t i o n , 
To " To(o) ± «2I* <27> 
where Q ^ i s *ke slope of the plot of T versus N, and 
the i n t e r cep t , i . e . , TQ(0) represents the value of TQ for 
the pure solvent . I t may be noted t ha t the values of T 
in the above equation are the average values of those 
obtained from the VTF and the Adam-Gibbs* equat ions. 
I t may be r eca l l ed from t h e der iva t ive of the 
VTF equation (10) (Appendix C) tha t the corrected ac t i va -
t i on energies , B for conductance and viscous flow were 
obtained as B c o r r /Rky = [T/ (T-T Q ) ] 2 where B. i s the gas 
constant and k~ i s the exponential term which i s an empiri-
ca l constant in equation (10) . Now, i f we take T as a 
basis for the corresponding temperature, T in fused s a l t s , 
then at constant values of T/TQ we have E c o r r / a l j Y = 
[(T/T0)/{(T/T0) - 1} ] 2 . Therefore, E c o r r /Rky may have a 
constant value at equal T/TQ values 9 which may be termed 
as an MisoenergicM condit ion. According to the configura-
t i o n a l entropy model, T i s re la ted to the macroscopic 
thermodynamic proper t ies of the l iquid by the equation 
S c = AC ln(T/TQ) where Sc i s the configurat ional entropy 
and AC\f the difference i n heat capaci t ies for the l iquid 
and the glassy s t a t e s which may be regarded as almost i n -
var iant with concentration, then T/T i s d i r e c t l y propor-
t i o n a l to the configurational entropy of the l iquid at 
temperature T. Therefore, at equal values of T/T the 
1 
configurational entropies of the systems may apparently 
be treated as constant. Thus the conductances and f l u i -
d i t i e s of molten s a l t systems may he p lo t t ed against con-
centration at constant T/TQ values and these graphs are 
55 termed as "pseudo-isentropes". ^ The s i g n i f i c a n c e of such 
p l o t s i s that a better quant i ta t ive i l l u s t r a t i o n of the 
concentration dependence of transport propert ies may be 
made at equal T/T values by accounting for the concen-
t r a t i o n dependences of indiv idual parameters i n equations 
(10) and ( 1 5 ) . Subst i tu t ing T/TQ a constant , c , equations 
(10) and (15) may assume the fol lowing form, 
Y = Ay(cT 0 ) - y 2 e x p [ - k y / T 0 ( c - 1)] (28) 
and I s Aj expT -k£/TQc In c l (29) 
The concentration independent nature of k- and k!l terms 
have been discussed i n e a r l i e r Chapters. Now s u b s t i t u -
t i n g for the l inear concentration dependences of Ay, Ay, 
and T terms the above equations (28) and (29) may be trans-
formed into an i soenerg ic as v e i l as an apparently i s o -
entropic equations, 
* = <Aox± «iT*>oH,a<*o(o) * W>~n «*P[ -*r 
/ " o l o l i V " 0 - 1 ) ] CO) 
and Y * U £ y ± Q\JS) exp [ - k J / ( T o ( o ) ± ^2^)o *» c ] ( 5 1 > 
The values of f l u i d i t i e s and equivalent con-
ductances at constant T/TQ r a t i o s ranging from 1.2 to 1.9 
i n the case of Cd(N05> 2 .4.03H20-MnCl2 .4.00#H20, while 
from 1.3 to 1.9 i n the cases of Ca(N05)2.4.23H20-NH4GHS 
and Ca(N0,)2.4.1H20-NaCHS melts were computed from equa-
t ions (28) and ( 2 9 ) . F l u i d i t i e s were ca lculated for the 
system Ca(N03)2 .3 .96H20-Ni(N05)2 .6 .03H20 a l so at constant 
T/T r a t i o s i n the range 1.3 to 1.2 from equations (28) 
and ( 2 9 ) . These calculated values of the f l u i d i t i e s and 
equivalent conductances are l eas t - squares f i t t e d to the 
equations (30) and ( 3 1 ) . The corresponding temperatures 
T l y i n g i n the experimental range and the value of c which 
gave reasonably good f i t s were s e l e c t e d . The values of 
the relevant parameters thus computed along with the 
standard deviat ions i n lnjrf and InA are l i s t e d in Tables 
31-32. I t i s i n t e r e s t i n g to note that the computed para-
meters Ao T , Q1 y f ky, Qgy, and TQ^0j from equation (30) 
and A £ T , Q | T , k j , Qgj, and T0(0) from that of the equa-
t i o n (31) were found to be very c lose to those obtained 
from the corresponding p l o t s (F igs . 12-15 and 20) . Further, 
more, the values of T 0 ( 0 ) obtained from equation (30) and 
(31) are i n good resemblance with those obtained by ex tra -
polat ing the p l o t s of TQ versus N to zero mol % of so lute 
i n the respect ive molten s a l t systems. F ina l ly , the 
14* 
successful app l icab i l i ty of equations (30) and (31) in 
explaining the concentration dependence of the t ranspor t 
p roper t ies of the systems under inves t iga t ion i s also 
apparent from the l i n e a r p l o t s of 1/ln[Y(T0/QN + Q y^EI) c) 
/ U o y + Q1TN)] and 1/ln[(AQY + tf1TN)/Y] against N shown 
in Figs . (21 & 22) and (23 & 24) , r espec t ive ly . 
I t may be concluded t ha t the isoenergic as well 
as apparently i sen t rop ic conditions used i n the present 
systems s a t i s f a c t o r i l y represent the concentration depen-
dence of v i s cos i t i e s and conductances in the glass forming 
melts i r respec t ive of the geometry of the species present . 
However, the isoenergic condition appears to have a d i r ec t 
experimental relevance as compared to tha t involving appa-
ren t ly constant entropy (the l a t t e r , however, i s far from 
cons tant ) . Such an analysis emphasizes further the impor-
tance of choosing T/TQ as a be t t e r corresponding s t a t e 
for the comparison of l iquid p rope r t i e s . 
Furthermore, an i n t e r e s t i n g re l a t ionsh ip for 
the dependence of Ay on TQ may be derived from the l i nea r 
va r i a t ions of Ay and TQ with concentrat ion. The l inear 
va r i a t ions of Ay and TQ with concentration have already 
been expressed by equations (25) and (27) , respec t ive ly . 
Combining these two equations we ar r ive at the following, 
*T " [A0T " <«1l/«2I>«0{0>] + < W « 2 r > « o ( 3 2 ) 
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Fig. 23- Plots of 1 / l n C( AoY^Q' lY N ) / Y ] VS N(= mol %) for 
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(a )Ca(N03) 2 -4 -1H 2 0-NaCN5 and (b) C a ( N 0 3 ) 2 3 . 9 6 H 2 0 ~ 
Ni(NO3)2*603H2P meUs. 
147 
which may be applied to any system in which Ay and T 
both vary linearly with concentration. The preexponen-
tial term Ay of equation (4) like those of Ay and Ay 
terms shows a linear dependence on concentration and 
is, therefore, expressed as 
4 = AoT i %** (53) 
where A*y is the value of Ay for pure solvent and Q,y 
is the slope of the plot of Ay versus N. It is also 
apparent from the plots of V versus N (Figs. 12-15) that 
V varies linearly with concentration and may similarly 
be represented as 
Vo - 7o(o) t « « • ( 3 4 ) 
where V# * i s the value of V for the pure solvent and 
Q*7 i s the s lope of the plot of V versus N. Equations 
(33) and (34) may be combined to y i e l d 
4 - K l - <«3T/«4Y>7O(O)] * <«3T/«4r>Vo ( 3 5 ) 
F i n a l l y , a meaningful corre lat ion between the two thermo-
dynamic variables TQ and VQ may be obtained by combining 
equations (27) and ( 3 4 ) , and we have, 
*o - t T o ( o ) - <<J2l/«4T>To(o)] + « W « 4 Y > 7 o <36> 
14o 
The equations (32), (35) and (36) represent linear depen-
dences of Ay on TQ, Ay on VQ, and TQ on VQ, respectively, 
as shown in Figs. 25-30. The data for these parameters 
were least-squares fitted to the above derived equations. 
The computed values of the slopes and the intercepts may 
be compared with those obtained from the plots of Ay, Ay, 
and T against TQ, VQ, and VQ, respectively and are found 
to be in good agreement. 
The fluidities and conductances of the systems 
under investigation are found to change quite markedly 
with concentration above their melting points and the 
corresponding isotherms are plotted in Figs. 31 and 32. 
The viscosity of a system is determined mainly by the 
bulky or less mobile entities while ions of higher mobi-
lities appear to be mainly responsible for the conductance 
behaviour. Therefore, both are expected to show opposite 
trends with concentration for a given system. On examining 
the isotherms (Figs. 31 & 32) it is apparent that in the 
case of the molten Cd(N0,)2.4.03H20-HnCl2.4.00tH20 system 
viscosity increases almost linearly from 0.00 to f 4 mol $> 
until a maximum is attained at^4.14 mol £• It then passes 
through a minimum at /^  6.63 mol %. Finally, it shows a 
sort of monotonous increase in viscosity from r*> 6.63 to 
^12.31 mol %. In the case of the conductance an exactly 















Fig.25. Variation oF Ay w i f h TQ<Y For (a) Cd (NOg )2 '4.03H2O 
MnCI2*400 H 2 0 and (b) Ca(NC>3)2-4-23H20-NH4 CNS melr s. 
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with minimum and maximum at ^ 4 . 1 4 and ^ 6 . 6 3 mol # , r e s -
p e c t i v e l y . I n t h e case of Ca(N05)2.4.23H20-NH4CNS mel t s 
v i s c o s i t y has been found to i n c r e a s e from 0.00 t o ^-10.11 
mol f» where i t has a maximum and then dec reases almost 
monotonously from ^ 1 0 . 1 1 t o ^ 6 5 . 4 2 mol %. S i m i l a r l y , 
t h e behaviour of conductance with succes s ive v a r i a t i o n s 
i n concen t r a t i on fol lows an almost oppos i t e p a t t e r n t o 
t h a t found i n t h e case of v i s c o s i t y except t h a t the ex-
pected minimum at -— 10.11 mol # has s h i f t e d t o ^ 2 0 . 0 2 
mol ?6. The minimum i s t hen followed by an apparently-
monotonous i n c r e a s e i n conductance from .—'20.02 t o <--> 63.42 
mol i»* I n t h e case of CaCNO )^
 2.4.1H20-NaCNS mel t s v i s c o -
s i t y has nea r ly cons tant value from 0.00 t o —> 5.58 mol % 
and t hen i n c r e a s e s monotonously from r~> 5.58 t o 20.13 mol % 
approaching a l i m i t i n g value a t ^ 24.84 mol %. On the 
o t h e r hand, conductance shows a maximum at .-' 5.58 mol $ 
and then f a l l s off r a p i d l y u n t i l ^ 1 0 . 2 8 mol %. F u r t h e r 
v a r i a t i o n s inyV values a re almost i n s i g n i f i c a n t r each ing 
appa ren t ly l i m i t i n g value a t .- '24.84 mol # . F i n a l l y , i n 
t h e case of molten Ca(N0,) 2 .3 .96H 2 0-Ni(N0,) 2 .6 .03H 2 0 system 
v i s c o s i t y shows an almost constant va lue from 0.00 t o 
.-'10.19 mol % and then i t i s followed by an apparen t ly 
monotonous decrease from ^ 1 0 . 1 9 t o 49.65 mol $> r e ach ing 
again a l i m i t i n g value a t r~> 60.83 mol # . The i r r e g u l a r 
t r e n d s i n f l u i d i t y and conductance i so therms a t i n t e r m e d i a t e 
concentrations have been found to be similar to those 
reported earlier.55,66,70,71
 I n thft c a S e o f Cd(N05>2. 
4.03H20-MnCl2.4.00i-H20 system the overall decrease in 
conductance and fluidity with increase in concentration 
may be due to decrease in the free volume resulting, conse-
quently, in an increase in compactness of the system. 
According to the configurational entropy model also the 
configurational entropy of the system will decrease with 
increase in concentration of the solute due to increase 
in compactness of the system and hence a decrease in con-
ductance and fluidity may be expected. Conductivity is 
presumed to occur mainly by the migration of the more 
mobile ion while the viscosity is mainly guided by the 
less mobile or rather bulky entity. A decrease in conduc-
2+ 
tance with increase in [ Mn "] may be a t t r ibu ted to decrease 
i n the number of free Cl" ions due to the formation of 
associated species of the type, Mn(H20),Clp . This may 
also account for the increase i n v i scos i ty of the system 
with increase i n [ Mn 1. However, in the caae of Zn(N0^)p. 
6.18H20-MnCl2.4.43H20 mel t s 5 7 v i scos i ty decreases with 
increase in concentration of solute which i s a reverse 
effect to the observed increase in v i scos i ty in the case 
of Cd(N05)2.4.03H20-MnCl2.4.00»H20 melts studied here. 
In the case of Ca(N05)2.4.1H20-NaCNS system both f l u i d i t y 
and conductance decrease with increase i n f N a + ] . Here 
15 J 
+ 2+ 
the subs t i t u t ion of l e s s mobile Na for 1/2Ca (absolute 
mobi l i t i es at 25°C of Na+ and Ca2+ ions are 0.000520 and 
2 —1 —1 
0.000616 Cm vo l t " sec" , respect ively) appears to be 
responsible for the decrease in conductance with increase 
i n the concentration of NaCHS. Decrease in the v i scos i ty 
with concentration may presumably be due to increase in 
the compactness or r i g i d i t y of the system. In the case 
of the system Ca(N0,)2.4.23H20-NH4CNS f lu id i t y and con-
ductance both increase with increase in concentration of 
NH.CNS. In t h i s melt the hydrated solvent cation Ca(H20)4 
seems to be less mobile than the added solute cation NH.. 
Therefore, on adding UH-CNS we are increasing the concen-
t r a t i o n of the highly conducting NH. ions which lead to 
an increase in conductance with j^ NH. 1. I t may, however, 
be pointed out that the resu l t an t v i s c o s i t i e s of the 
mixtures of molten s a l t s may also depend on the respect ive 
values of the two components. The above fact may be 
visual ized from decrease in the ac t iva t ion energies with 
increase in [NH^l. S imi lar ly , an increase in f l u i d i t y 
on the addit ion of Ni(N0,)2.6.03H20 in molten Ca(N0,)2 . 
3.96H20 may be understood on the basis of the r e l a t i v e 
v i s c o s i t i e s of the solvent and tha t of the so lu te . 
A P P E N D I X 
ieu 
A. Calculation of Viscosity 
Let us consider a cylindrical liquid layer of 
area A sq. cm. moving over another similar layer at a 
distance c(-cm. with a velocity difference v cm./sec. 
Then, the tangential frictional force, -£ required to 





f . ^ 
where >1 i s a constant at a given temperature, depending 
upon the nature of the l iquid i s known as the coefficient 
of v i scos i ty . Hence 
A v 
in which f/A or force/unit area is called as shear stress. 
From the above expression it is clear that the unit of 
viscosity is g/cm/sec and is denoted by 'poise*. 
The reciprocal of viscosity is called fluidity, 
4 = U\ 
For the flow of homogeneous liquid through a 
l o ^ 
capi l la ry P o i s e u i l l ' s law s t a t e s tha t the r a t e of flow of 
the l iquid i s given by the equation 
y^= 7T r 4 tP/8Vl 
where V is the volume in c.c. of the liquid flowing in t 
seconds through a narrow tube of radius r cm. and length 
1 cm. under a hydrostatic pressure of P dynes/sq. cm. 
Since the hydrostatic pressure of a liquid column is 
given by 
P = hfg 
where h is the height of the column and f the density of 
the liquid, the Poiseuille's equation may be written as 
*>| = 7Tr4thf g/8Vl 
In actual practice we measure the relative 
viscosity of the test liquid with respect to a reference 
liquid. Let us take quinoline as the reference one. Sup-
pose that t. and t~ are the times of flow of the same vol-
ume of quinoline and test liquid through the same capillary 
tube, respectively, and >£ and "^  are their respective 
coefficients of viscosities, then 
•V) JY) = 7 r r 4 t . , h f g x 8V1/8V1 x 7 T r 4 t 0 h f g 
°
r
 V\= sv^a (,) 
where f and f are the densities of the reference and 
the test liquids, respectively. 
Now by knowing the viscosity of quinoline at 
the required temperature as well as densities and times 
of fall of the two liquids, one can easily calculate the 
viscosity of the test liquid. 
l o i 
B. C a l c u l a t i o n of equ iva len t conductance 
From the s p e c i f i c conductance d a t a K, equiva-
l e n t weight , e , and t h e d e n s i t y , f , t h e equ iva len t con-
duc tance , t h a t i s , t he conductance of one equ iva len t of 
e l e c t r o l y t e between p a r a l l e l e l e c t r o d e s 1 cm. a p a r t , was 
72 c a l c u l a t e d u s i n g the equa t ion e s t a b l i s h e d by Harry Bloom 
A = K e / f = K V (2) 
where V is the equivalent volume of the molten salt in ml. 
For mixtures of molten salts 
A= K e/f (3) 
where e is the mean equivalent weight calculated from 
the equation 
e = f1e1 + f2e2 (4) 
where f* and f~ are the equivalent fractions and e1, 
and Cp are the equivalent weights of component 1 and 2, 
respectively. 
I f > 
C. Calculation of activation energy 
(i) From the VTP equation 
The Arrhenius equation can be written as 
Y = Ay expf-Ey/RTl 
or In Y = In Ay - Ey/RT (5) 
Now, differentiating with respect to inverse of tempera-
ture gives 
d In Y 
= -Ey/RT (6) 
d(1/T) * 
The VTP equationsfor the f luidi ty, <f>, and equivalent 
conduct ance,y\_ are given as 
Y (= 4 ory\) = AyT-V2 exp [-ky/(T - TQ)J 
o r l n Y = l n A y - - | l n T - ky/(T - TQ) (7) 
d In Y
 r 1 0 
d(1/T) L2T ^ ° J 
T 2 ( 8 ) 
Comparing equations (6) and (8), we get, 
2 1
 m n m2 Ey = R [ky/(T - T Q r - J l ] T (9) 
The corrected ac t iva t ion energy may be wri t ten as 
= By + ^ ET « RkyfT/(T-T0)J 2 (10) E corr 
( i i ) From the configurat ional entropy model 
The equations for f l u i d i t y , $ and equivalent 
conduc tance ,^ are given as follows: 
Y (= + orA) = Ay exp^-ky/T In (T/TQ)] (11) 
Taking na tu ra l logarithm and d i f f e ren t i a t ing with respect 
to T the above equation i s wri t ten as 
= - k y [ ( 1 + In (T/TQ ) / ( ln (T/TQ) /] (12) 
Comparing equations (6) and (11) , we obtain 
Ey = Rky [(1 + In (T/TQ ) / ( ln (T/T o ) ) 2 ] (13) 
At T/TQ = c, constant, equation (11) on d i f f e ren t i a t ion 
with respect to I becomes 
d In Y 
d(1/T) 
= -ky/ ln c (14) 
1G. 
Therefore, IL. at constant T/T = c may be written as 
Ey = RkJ/ln (T/T ) (15) 
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